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FOR MEDICAL RESEARCH ay 
66th Street and York Avenue, New York 21, N. Y. 


July 8, 1949 


Mr. Robert S. Fish, President 
Alfred Bicknell Associates 
243 Broadway at Windsor Street 
Cambridge, Massachusetts, 


Dear Mr. Fish: 


We have tried out the manometer 
- with the ground joint and mercury 
well, and found that it worked per- 
fectly. 
Yours Sincerely, 


Donald D. Van Slyke 
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The idea of a ground joint on the manometer seemed good, so we | 

passed it on to Dr. Van Slyke. He proposed the addition of a mercury | 
__well, so we made up a unit* which was tried out with above results. 

_ Few analysts will question the soundness of this innovation. 

It simplifies cleaning, and will certainly facilitate removal! and as. 
sembly. As a consequence, the life of the glassware is extended, with- 
out reducing the high level performance of the fused apparatus. 

*Now optional on aba Research Model 17. Ask your dealer for details or write 
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THE NUCLEIC ACID CONTENT OF FETAL RAT LIVER* 


By I. GESCHWINDt anv CHOH HAO LI 
(From the Institute of Experimental Biology, University of California, Berkeley) 
(Received for publication, March 22, 1949) 


It has been shown by various investigators that embryonic tissues 
are richer in nucleic acid than are adult tissues (1). The distribution 
of the two types of nucleic acids (ribonucleic acid (RNA) and desoxy- 
ribonucleic acid (DNA)) is also known to be different in embryonic and 
adult tissues and in different tissues. For instance, muscle and heart 
are low in ribonucleic acid concentration, whereas liver and pancreas have 
a high content of this nucleic acid. The ratio of RNA to DNA is smaller 
in the liver of sheep embryos than in that of the adult animal. Caspersson 
and others (2) have suggested that these changes are in some way related 
to protein synthesis for purposes of growth or of secretion. 

Systematic determinations of the changes in nucleic acid concentration 
in embryonic mammalian liver have not been conducted. Masing (8), 
working with rabbit liver, found that a decrease in the nucleoprotein 
phosphorus per unit of nitrogen of the liver occurred from the 4th week 
of gestation to the adult period; the ages of the animals were, however, 
not accurately determined. Dumm (4) showed a decrease of “residual 
phosphorus” in the fetal liver of rats during the later period of gestation; 
the author did not determine separately the RNA-P and DNA-P. Dumm’s 
results, expressed as residual phosphorus, may be accepted as being due 
to nucleoprotein phosphorus, because the phosphoprotein phosphorus 
(the only other phosphorus fraction present in residual phosphorus) is 
always small in comparison with that for nucleic acids. 

In the present experiments fetal rat livers from the 16th to the 2lst 
prenatal day were employed. The nucleic acids in the tissue were frac- 
tionated into RNA and DNA. It will be seen that the ratio RNA:DNA 


is relatively constant from the 16th to the 19th day and that it increases 
at the 20th day. 


EXPERIMENTAL 


Pregnant rats of the Long-Evans strain were used; the dates of breed- 
ing were accurately determined by the presence of sperm in the vagina. 


* Aided by grants from the American Cancer Society (recommended by the 
Committee on Growth of the National Research Council), the United States 
Public Health Service (RG-409), and the Research Board of the University of 
California, Berkeley. 

+ Atomic Energy Commission Predoctoral Fellow in the Biological Sciences, ad- 
ministered by the National Research Council. 
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The animals were anesthetized with nembutal; the fetuses were quickly 
removed from the uterus and weighed after being dried on filter paper, 
The livers were extirpated and immediately frozen in a weighing bottle 
with an acetone-dry ice mixture. Between the time of the death of the 
animal and the preparation of the livers for nucleic acid determinations, 
the tissues were covered and stored in the ice chest of a refrigerator. 
This interval was never greater than 1 hour. 

The methods for nucleic acid determinations were modeled after those 
of Schmidt and Thannhauser (5) and of Schneider (6). The method 
of Fiske and Subbarow (7) was employed for phosphorus analysis. 


TABLE I 
Nucleic Acid Content in Fetal Liver of Rat 















































| | | 

No. of Total | Total | Ratio, | No. of P per 100 gm. dry Ratio, 
fester preg. sid = Bo Liver po ors extracted liver 4 RNAP 

rats fetus liver Fetus tions _RNA | DNA DNA-P 
days gm. mg. | mg. 
16th 15 134 | 0.50 26 | 0.052 7 | ney i 59*; 1129 + 38* 0.98 
18th 12 105 1.60 95 | 0.060 5 973 + 63 | 1143 + 67) 0.85 
19th 7 58 2.10 140 | 0.067 3 | 1137 + 19 | 1223 + 9| 0.93 
20th 9 80 2.90 175 | 0.060 6 | 988 + 20 690 + 27) 1.48 
2ist | 3 | 25 | 4.50 | 245 | 0.055 | 1 | 854 441 1.94 


* Mean + standard error. 





Results 


As is shown in Table I, the fetal body weight increases steadily through- 
out the period studied. It is of interest to note that the values are higher 
than those of Dumm (4), whose data agree with those reported by 
Donaldson (8). This is probably due to the improved nutritional state of 
our animals. There is a slight increase in the liver weight, as expressed 
in percentage of body weight from the 15th to the 19th day of gestation, 
followed by a slight decrease until about the day of birth, after which a 
sudden drop occurs. 

The last three columns in Table I give the values for RNA-P, DNA-P, 
and their ratios. Assuming a molecular weight for RNA of 1303 and 
of 1253 for DNA, the amount of phosphorus is 9.52 and 9.89 per cent 
respectively; so that if equal moles of RNA and DNA are present, the ratio 
will be 0.96. It may be seen that both RNA-P and DNA-P are rela- 
tively constant from the 16th prenatal day to the 19th, and the ratios 
suggest that they are present in 1:1 molar relationship. The mean 
value for RNA-P in this period is 1073 mg. of P per 100 gm. of extracted 
dry tissue and that for DNA-P 1165 mg. of P. 
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I. GESCHWIND AND C. H. LI 469 


There is a gradual fall of the RNA content from the 20th prenatal 
day to 40 days after birth (Table II). The changes in the DNA-P are 
more striking. Following the 19th prenatal day, a precipitous fall’ in 
the level of DNA occurs, changing from 1223 mg. to 441 mg. per cent just 
before the day of birth. The more gradual decrease from the 1st day of 
birth to 40 days of age is still more rapid than the rate of decrease of RNA 
during the same period (Table II). 

The marked variation in the ratio of RNA-P to DNA-P observed from 
the 20th prenatal day to the 5th day after birth is not significant, and 
the ratio is about 1.45. The value obtained for the liver of 40 day-old 
male rats is 2.83. 









































TaB_e II 
Nucleic Acid Content of Livers of Male Rats 
Nl l 
| ie | a Ratio, No. of | P per 100 gm. dry Ratio, 
ae | Noiof | “body | “liver” | Liver | determina. | S**actedliver” | pava.p 
weight weight Body weight tiens | RNA DNA DNA-P 
days gm. gm, | mB. mg. 
1 12 6.1 0.31 0.051 1 | 672 469 1.43 
5 12 12.9 0.45 0.035 | 602 370 1.62 
40 4 115.0 4.60 0.040 2 | 582 188 2.83 
DISCUSSION 


Davidson (1) has summarized the data obtained by different authors 
for the nucleic acid content of rat liver and other tissues. The ratio 
RNA-P: DNA-P for rat liver was found to vary from 1.9 to 4.6, depending 
upon the method of determination, age, nutritional condition, etc. The 
same author also obtained a value of 2.2 for fetal rat liver (age?), compared 
to an adult value of 4.0. In an earlier paper, Davidson and Waymouth 
(9) reported a ratio of 1.5 for the liver of rat fetuses 1 to 2 days before 
parturition, with a value of 4.3 for the adult animal. The fact that the 
livers of rat fetuses have a smaller RNA-P:DNA-P ratio than that for 
adult tissue is confirmed by the present experiments. Our value for the 
fetal liver of rats from the 16th to the 19th prenatal day is about 0.92, 
and it increases to 2.83 for the liver of rats 40 days of age. 

Schneider (10) has determined the RNA-P:DNA-P ratio for rat liver 
tumors and compared it with that found in adult rat liver. It was found 
that the ratio for tumor tissue is much lower than non-tumor liver, the 


! This decrease in DNA-P is less striking if the total amount of DNA-P present is 
considered. The authors are grateful to the referee who pointed out that a large 
proportion of this drop is undoubtedly due to the increase in the cytoplasm and the 
proportionate decrease of the nuclear volume as the mitotic rate decreases. 
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470 NUCLEIC ACID CONTENT OF LIVER 
value for the tumor being 0.81, in contrast to the normal ratio of 2.49. at abor 
It appears that the rapidly growing livers, either of tumor or fetal origin, value 
possess a nearly equal molar quantity of DNA and RNA. 
The partition of nucleic acids in the regenerating rat liver has been 
recently investigated (11, 12). Novikoff and Potter (11) found that there 1. Dav 
is an apparent correlation between the period of rapid growth and the 2, Cas 
increase in RNA concentration. No consistent changes in DNA content 3, Mas 
occurred in the regenerating period. Our results, as shown in Fig. |, 4. ee 
indicate more marked changes in the concentration of liver DNA from ri a 
the prenatal to the postnatal period than in the values for RNA. It is 1. Fisl 
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Pre-Natal Age in Days Post-Natal Age 


Fig. 1. Changes in the ribonucleic acid (RNA) and desoxyribonucleic acid (DNA) 
phosphorus of rat liver from the 16th day prenatal to 40 days after birth. 


clear, however, that the fetal liver has the highest concentration of total 
nucleic acids during the most rapid growing period of the tissue from 
the 16th to the 19th prenatal day. 


SUMMARY 


1. The concentration of ribonucleic (RNA) and desoxyribonucleic | 
(DNA) acid phosphorus in the liver of rat fetuses has been determined. 

2. The results demonstrate a constant RNA content from the 16th to 
the 20th prenatal day, followed by a gradual decrease to the juvenile 
level. The concentration of DNA-P is constant from the 16th to the 19th 
day, followed by a decrease to the juvenile level. 

3. The ratio RNA-P: DNA-P has been shown to be relatively constant 
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at about 0.9 from the 16th to the 19th day; it then increases gradually, 
a value of 2.9 being found at 40 days of age. 
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RESOLUTION OF RACEMIC PHENYLALANINE, TYROSINE, 
AND TRYPTOPHAN 


By JAMES B. GILBERT, VINCENT E. PRICE, anp JESSE P. GREENSTEIN 


(From the National Cancer Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, March 30, 1949 


A simple method of resolution of racemic alanine, methionine, leucine; 
valine, threonine, serine, isoleucine, and aspartic and glutamic acids has 
been described (1, 2). This is based upon the asymmetric enzymatic 
hydrolysis of the N-acylated derivatives of these amino acids by a purified 
enzyme preparati on from hog kidney. Complete digestion of such deriva- 
tives yields a yw *ture of free L-amino acid and N-acylated p-amino acid 
which can be r eadily separated by virtue of the alcohol solubility of the 
latter and the alcohol insolubility of the former. Acid hydrolysis of the 
N-acylated p-amino acid followed by neutralization yields the free p-ami- 
noacid. 

The hog kidney preparation acts extremely slowly on N-acylated deriva- 
tives of phenylalanine and tryptophan (1). For the resolution of the 
racemic aromatic substituted amino acids, therefore, it was decided to 
employ a purified carboxypeptidase preparation from fresh beef pancreas 
prepared according to Anson (3).; With this preparation, and with chloro- 
acetylated racemic phenylalagne, tyrosine, and tryptophan as_sub- 
strates, a rapid separation and isolation of the pure optical isomers of 
these amino acids have been achieved. 


EXPERIMENTAL 


Carboxypeptidase Preparation—The enzyme used in these studies was 
prepared from 10 kilos of frozen beef pancreas (3). The ground tissue 
was extracted with 2 per cent sodium chloride and toluene, and the skimmed 
extract filtered and treated with acetic acid to pH 4.7. The mixture 
was filtered and treated with solid ammonium sulfate to about half satura- 
tion. The precipitate was filtered and dialyzed against cold water. The 
dialyzed mixture was centrifuged, the supernatant discarded, and the 
precipitate suspended in cold distilled water to make a final volume of 
330 cc. This enzyme preparation was stored at 5°, and, when employed 
for the digestions, was brought into solution by adding the minimum 
amount of solid lithium chloride. 

An aqueous extract of the frozen pancreas tissue hydrolyzed chloro- 
acetyl-pL-phenylalanine, chloroacetyl-pi-tyrosine, and chloroacetyl-pL- 
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tryptophan at rates, respectively, of 117, 81, and 68 um per hour per mg, 
of N at 37°. The digests were composed of 1 cc. of aqueous extrac} 
equivalent to 330 mg. of tissue, 2 cc. of 0.06 m phosphate buffer at pH 
7.5, and 1 cc. of water or 0.5 m neutralized substrate solution. The corre. 
sponding rates for the purified carboxypeptidase preparation, with 1 ¢¢. 
of a 1:30 dilution of the preparation in digests similar to those described 
for the crude tissue, were 1933, 1240, and 1060. On the basis of total N. 
therefore, the purified enzyme was 15 to 17 times as active as the original 
tissue. From these data, the amount of enzyme required to hydrolyze 
the larger batches of chloroacetylated racemic amino acids in the resolution 
procedure can readily be calculated. 

The rates of hydrolysis by the purified carboxypeptidase preparation 
of acetyl-pt-phenylalanine and of acetyl-pL-tryptophan are extremely 
low, being respectively 14 and 6 uo per hour per mg. of N. The consider. 
able difference in susceptibility of the chloroacetyl and acetyl! derivatives 
of these amino acids stands in contrast to the relatively smaller difference 
in susceptibility of the chloroacetyl and acetyl derivatives of the aliphatic 
amino acids toward hog kidney enzyme preparations (1, 2). In the latter 
case, the chloroacetyl derivatives of alanine, leucine, valine, etc., are 
hydrolyzed at rates about 4-fold those of the corresponding acetyl deriva- 
tives. 

These data are in accord with the observations of several investigators 
(4-8), which demonstrated that the rate of carboxypeptidase activity 
on susceptible substrates varied considerably with the nature of the ecy! 
radical and of the terminal amino acid residues. Of even more decisive 
concern in the resolution of the racemic amino acids is the stereochemical 
specificity of pancreatic carboxypeptidase (6-8) whereby only those 
peptides containing a terminal amino acid of the natural L configuration 
are hydrolyzed by the enzyme. Thus, carbobenzoxyglycyl-p-phenyl- 
alanine, in contrast with the corresponding L isomer, is completely resistant 
to pancreatic carboxypeptidase (7, 8). Fig. 1 shows that the p isomers 
of chloroacetyl-pL-phenylalanine and of chloroacetyl-pL-alanine are not 
attacked even after many hours from the time at which the L isomer is 
completely hydrolyzed by pancreatic carboxypeptidase and by hog kidney 
respectively. 

Resolution Procedure—The method of resolving the three amino acids 
follows substantially that outlined in a previous paper (2). Finely divided 
and pure chloroacetyl-pL-phenylalanine (1), tyrosine (m.p. 158°, N found 
5.4, calculated 5.4), and tryptophan (1) are suspended in a little cold 
water and brought into solution at pH 7.6 by cautious addition of 6% 
lithium hydroxide. To this solution is added enough enzyme solution 
to hydrolyze the L isomer in 2 hours at 37°. The digests generally con- 
sisted of 0.25 to 0.5 mole of substrate dissolved in 300 to 700 cc. of solution. 
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The enzyme solution added varied from 20 to 60 cc. In order to insure 
complete hydrolysis, the digests are usually set up in the late afternoon 
and allowed to stand at 37° until early the next morning. The L-amino 
acid crystallizes in high yield and customarily fills the digestion flask. 
The mixture is brought to pH 5.0 by addition of glacial acetic acid, the L- 
amino acid filtered by suction, and washed with cold water. 

From 170 gm. of chloroacetyl-pt-phenylalanine, 150 gm. of chloroace- 
tyl-pL-tyrosine, and 82 gm. of chloroacetyl-pL-tryptophan the following 
amounts of crude products were obtained: 42 gm. of L-phenylalanine, 42 
gm. of L-tyrosine, and 22 gm. of L-tryptophan. After recrystallization 
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HOURS INCUBATION 
Fic. 1. Asymmetric hydrolysis of chloroacetyl-pt-alanine (Xx) and of chloro- 
acetyl-pL-phenylalanine (O) by hog kidney preparation and by beef pancreatic 
carboxypeptidase respectively. Digests consisted of 1 cc. of enzyme solution, 2 cc. 
of 0.07 m phosphate buffer at pH 7.4, and 1 cc. of either water or 0.05 m substrate 
solution. Incubation temperature 37°. Hydrolysis followed by ninhydrin-CO, 
analyses. 


from hot water with the aid of a little norit, the yields of optically pure 
L-amino acids were reduced to 27, 28, and 14 gm., respectively (Table I). 

The mother liquor from the digestion mixture is combined with the 
washings and concentrated in vacuo to a low bulk. A small amount of 
Lamino acid which appears during this condensation is ignored. The 
concentrated solution is layered with ethyl acetate and then treated with 
chilled, concentrated hydrochloric acid to pH 2.0. The chloroacetyl-p- 
amino acid is extracted several times into ethyl acetate, the extracts 
combined and dried for a few minutes over anhydrous sodium sulfate, 
and finally filtered. The ethyl acetate is removed in vacuo, and the oily 
residue washed twice with petroleum ether to remove chloroacetic acid. 
After this procedure, the residue crystallizes readily on chilling. The 
yield of chloroacetyl-p-phenylalanine, tyrosine, or tryptophan is 70 to 80 
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per cent of the theoretical, based upon the amount of chloroacetyl-py,. 
amino acid taken. 

The melting points and total nitrogen values for chloroacety]-p-phenyl. 
alanine, chloroacetyl-p-tyrosine, and chloroacetyl-p-tryptophan were, 
respectively, 125° and 5.7 per cent (calculated 5.8), 154° and 5.2 per cent 
(calculated 5.4), and 157° and 9.9 per cent (calculated 10.0). The melting 





TABLE [ 
Specific Rotations at 23° of Optical Isomers of Racemic Amino Acids Resolved by | 
Asymmetric Enzymatic Hydrolysis of Their N-Chloroacylated Derivatives } 








| Present data | Data in literature | 
Compound | L form D form | w L form D form 
J la] | Net, la]p | served | ‘ts |. [a]p [a}p | 
= — we Ee | |— = einai enaiei _ — 
Phenylalanine |—34.8*| 8.4 /+34.8t 8.4] 8.5 |-35.1 (9) +35.0 (9), | 
| | +34.6 (13) 
Chloroacety]- [+ 50.4¢ | 5.7 |—50.8§ 5.7) 5.8 |+51.8 (9) 
phenylalanine, | 
Glycylphenyl- |-+41.5|| | | 12.4 |—41.7]| | 12.4 | 12.6 |4+42.0 (9) 
alanine 
Tryptophan |—32. 24 13.4 \+32.5 5** 13.5 | 13.7 |—32.1 (12), |+32.5 (12) 
| | | —32.2 (14) 
Tyrosine ~7.341) ripe | +7.2¢f) 7.7 | 7.7 | —8.6 (15) +8.6 (15) | 
| | —7.3 vais 





* 0.505 gm. in 25 ce. of water. 
+ 0.502 gm. in 25 cc. of water. 
¢ 0.512 gm. in 25 cc. of absolute alcohol. 
§ 0.508 gm. in 25 cc. of absolute alcohol. 
|| 0.250 gm. in 25 ce. of water. 
§ 0.120 gm. in 25 cc. of water. 
** 0.130 gm. in 25 cc. of water. 
Tf 1.235 gm. in 25 cc. of 6N HCl. The specific rotation noted for a recrystallized 
commercial specimen of L-tyrosine in 6 N HCl was —6.9. 
tt 1.289 gm. in 25 cc. of 6 nN HCl. 


points for the corresponding L forms are 125° (126° corrected (9)), 156° 


corrected (10), and 159° corrected (11). } 


Part of the chloroacetyl-p-phenylalanine was aminated with concet- 
trated ammonia to form the corresponding glycyl-p-phenylalanine. A 
part also of the L-phenylalanine was chloroacetylated to form chloro 
acetyl-L-phenylalanine (9), and the latter subsequently aminated to form 
the corresponding glycyl-t-phenylalanine (9). The two isomeric glycy! 
phenylalanines were recrystallized from water. The optical and analytical 
data for these compounds are given in Table I. 
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20 gm. of chloroacetyl-p-phenylalanine and 25 gm. of chloroacetyl-p- 
tyrosine are each suspended in 10 times the amount of 2 n hydrochloric 
acid and refluxed for 1 hour. After treatment with a little norit, the 
solutions are evaporated in vacuo to dryness, and evaporated twice more 
with water to remove excess hydrochloric acid. The residue is dissolved 
in a little cold water and treated with 4 Nn lithium hydroxide to pH 5.0. 
The precipitated free D-amino acid is filtered and the mother liquor evap- 
orated in vacuo to obtain a second crop of crystals. The combined yields 
are recrystallized from hot water. The final, dried product of pure p- 
phenylalanine or D-tyrosine amounted to 8 and 11 gm. respectively. 

29 gm. of chloroacetyl-p-tryptophan are suspended in 20 times the 
amount of 2 N sulfuric acid and refluxed for 2 hours (12). The resulting 
clear solution, which is pink in color, is diluted with 3 times its volume of 
distilled water and treated with warm baryta solution to slight excess 
(about pH 9). Glacial acetic acid is immediately added to lower the pH 
to 4.8, and the mixture is warmed and filtered through a layer of norit. 
The colorless, clear filtrate is concentrated in vacuo until glistening crystals 
of D-tryptophan appear. After standing several hours at 5°, the amino 
acid is filtered by suction, washed with a little cold water, and recrystal- 
lized from hot water. The final product is washed with alcohol and ether. 
The yield of optically pure p-tryptophan is 9 gm. 

The yields on chloroacetylation of pi-phenylalanine, tyrosine, and 
tryptophan amount to about 50 to 60 per cent of the theoretical. Our 
over-all yields therefore from pi-phenylalanine, tyrosine, and tryptophan 
amount for the purified L isomers to 30, 30, and 28 per cent, and for the 
purified D isomers to 25, 24, and 18 per cent of the theoretical, respectively. 
These figures are based upon the use of 0.5 mole or more of the racemic 
amino acid both here and as described in previous papers (1, 2). It is 
quite probable that the yields could be considerably improved by more 
careful exploitation of the mother liquors at each crystallization step, 
and by reworking the mother liquors from the chloroacetylation procedures. 

The optical and analytical data on the preparations of the various 
isomers are given in Table I. The resolution of the original racemic 
forms of the amino acids is clear cut.! 


SUMMARY 


1. Racemic phenylalanine, tyrosine, and tryptophan have been readily 
resolved into their optical isomers by subjecting their N-chloroacetylated 


‘Behrens, Doherty, and Bergmann have reported a preparation of the isomers of 
DL-phenylalanine by the difference in rates of synthesis by papain of the anilides 
of acetyl-pL-phenylalanylglycine (16). u-Phenylalanine and p-phenylalanine with 
specific rotations of —35.6° and +32.3° were obtained. The latter compound may 
have been contaminated with the u form. 
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derivatives to asymmetric hydrolysis by a purified beef pancreas carboxy. 
peptidase preparation. 

2. In contradistinction to the susceptible chloroacetyl derivatives oj 
phenylalanine and of tryptophan, the corresponding acetyl derivative 
are very resistant to the action of pancreatic carboxypeptidase. 
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THE ACONITE ALKALOIDS 


XXIII. OXIDATION OF ISOPYROOXODELPHONINE, 
DIHYDROISOPYROOXODELPHONINE, AND THEIR 
DESMETHYLANHYDRO DERIVATIVES 


By WALTER A. JACOBS anv YOSHIO SATO 


(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, April 23, 1949) 


Studies have been in progress to explore the possibilities of the oxidative 
degradation of delphinine and aconitine and their derivatives, and we wish 
to record certain results which have been obtained principally with iso- 
pyrooxodelphonine and its dihydro derivative (1). On attempting the 
chromic acid oxidation of the precursors before saponification, 7.e. isopyro- 
oxodelphinine and octahydroisopyrooxodelphinine, the reagent acted in a 
different manner and far less readily than after saponification. With di- 
hydroisopyrooxodelphonine, (CH 37O7N), there resulted in good yield the 
saturated keto acid, C4uH3OsN, in which the four methoxyl groups re- 
mained unaffected. Diazomethane yielded the methyl ester which was not 
obtained crystalline but was readily purified by sublimation. From the 
ester a crystalline oxime was prepared. All of the oxygen atoms are 
thus accounted for by the four methoxyl groups and the carboxyl, ear- 
bonyl, and lactam groups. The same substance was obtained but much less 
satisfactorily with permanganate in acetone solution. 

The experience with the chromic acid oxidation of the unsaturated iso- 
pyrooxodelphonine proved more involved. The major direct oxidation 
product is an wnsaturated keto acid, CoH30sN ({a]® = +48°). In this 
substance the oxygen atoms have also been accounted for by four methoxyl 
groups, the carboxyl and lactam groups, and an apparently less reactive 
carbonyl group. The acid yielded a crystalline methyl ester. Attempts 
to prepare an oxime from the latter encountered difficulties since the reac- 
tion occurred less readily than with the above dihydro derivative. Further 
study of the preparation of the oxime was abandoned in view of the ob- 
servation that the unsaturated acid was converted by hydrogenation to 
the above saturated keto acid, CaH3,OsN, obtained directly from dihydro- 
isopyrooxodelphonine. The presence of the carbonyl group in the un- 
saturated acid is therefore certain. 

A complication developed in the gradual transformation of the un- 
saturated acid to a neutral isomer, found to be an apparently satwrated 
ketolactone, CuHs;0sN ({a]?> = +74°). This isomerization was facilitated 
in acid solution or by sublimation of the acid. The lactone was readily 
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saponified with dilute alkali or ammonia to the original unsaturated acid. 
All attempts to hydrogenate the lactone were unsuccessful. However, in 
the presence of ammonia, which caused saponification, hydrogenation to 
the above dihydroketo acid readily occurred. Since experiments to pre- 
pare an oxime were unsuccessful, the reactivity of the carbonyl group 


assumed to be retained in the ketolactone appears to have become greatly 
hindered. 
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Fig. 1. X, isopyrooxodelphonine; 0, the unsaturated keto acid, Cy4H,;,03N; O, 
the unsaturated keto acid methy! ester; @, the saturated ketolactone, CoHsOsN. 


The ultraviolet absorption spectra curves obtained with these substances 
as shown in Fig. 1 have afforded some suggestions for their structural in- 
terpretation. As a possible reference the previously reported curve ob- 
tained from isopyrooxodelphonine (2) is repeated here. This shows end- 
absorption. The curve obtained with the methyl ester of the dihydroketo 
acid (Fig. 2) shows a band which can be attributed to the carbonyl group. 
The curves of the unsaturated keto acid and its methyl ester (Fig. 1), al- 
though the short wave maxima are low, might be suggestive of a A” t, 
unsaturated ketone. The curve (Fig. 1) of the saturated ketolactone 
CxH3,0sN does not appear characteristic and the general absorption is such 
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as to mask carbonyl absorption alone. From the data obtained it is sug- 
gested that the unsaturated keto acid is of A*’ °-unsaturated ketonic char- 
acter (Formula II) and, on isomerization to the saturated lactone, addi- 
tion of the carboxyl group to the double bond occurs, as presented in the 
partial Formula III. On saponification of the latter, an unstable inter- 
mediate 8-hydroxy ketonic structure may be first formed which loses water 
with the production of the original unsaturated keto acid. 
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Fig. 2. O, the dihydroketo acid methyl ester; @, the 8-diketone; X, the B-hy- 
droxyketone; 0, the monoketone (?), Cs;H3;O5N; all in ethanol. 


The saturated keto acid, CaH3O0sN (Formula IV), on sublimation 
behaves differently. It also yields a neutral substance but this involves 
loss of a mole of water. Analysis of the product indicated the formula- 
tion C.4H;;0;N. The substance was found to be readily cleaved by alkali, 
not only with the regeneration of the original keto acid but with the forma- 
tion of an apparently isomeric substance. A first conclusion which attrib- 
uted the loss of water to lactonization on the enolized carbonyl group 
with formation of an unsaturated lactone was soon abandoned in favor of 
the interpretation that the condensation had caused the production of a 
8-diketone C4H330;N (Formula V) of unusual lability towards alkali. On 
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hydrogenation of this substance in methanol, 1 mole of Hz was absorbed 
with the production of a substance C.,H;;0;N (Formula VI). Contrary to 
its precursor, the latter did not consume alkali on attempted saponification, 
It has been provisionally interpreted as a 8-hydroryketone formed by hydro. 
genation of one CO group.!' When the hydrogenation was performed in 
acetic acid, only a relatively small amount of the hydroxy ketone was ob. 
tained. The major product, as shown by the analytical data, resulted 
from a further loss of an oxygen atom. It appears possible that the hy. 
drogenation proceeds in a different manner in acid solution with the forma- 
tion of a monoketone, CuH:OsN. The ultraviolet absorption spectra ob- 
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tained with these substances are shown in Fig. 2. The curve obtained 
with the so called monoketone, C.H3;O,N, is particularly unsatisfactory 
and this substance requires further investigation. The reason for the some- 
what abnormal curves obtained with the 6-diketonic derivative and its 8- 
hydroxy ketonic hydrogenation product will also require explanation. 
The same curves were practically duplicated in later experiments. 

On the basis of these observations certain tentative conclusions may be 
summarized regarding the structural features of the alkaloid involved. 
Since oxidation of isopyrooxodelphinine and its hydrogenation product 
occurs readily only after saponification to yield keto acids, it is suggested 


1 Since the hydrogenation of the unsaturated keto acid stops at the saturated 
keto acid stage (Formula IV), it would appear that its CO group is relatively ™ 
sistant to hydrogenation. It seems therefore that the new CO group is the one r* 
duced as shown in Formula VI. 
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that the original benzoyl group protects a secondary hydroxyl which ad- 
joins a tertiary hydroxyl group, as indicated in partial Formula I. In the 
unsaturated keto acid C..H;;0sN from isopyrooxodelphonine, the double 
bond of the latter is assumed to be in the position or has shifted to that 
shown in Formula II, a, 8 to the CO group. The carboxyl group would 
be properly oriented in regard to the A**_carbonyl grouping to permit 
addition to the double bond with formation of the isomeric saturated keto- 
lactone, as shown in Formula III.2 The latter when saponified could pass 
through the unstable 6-hydroxyketo acid stage which loses water to form 
again the original unsaturated keto acid (Formula II). The latter in turn 
on hydrogenation yields the saturated keto acid (Formula IV) obtained 
directly by oxidation of dihydroisopyrooxodelphonine. It is assumed that 
loss of water from the latter on pyrolysis causes cyclization to form the 
8-diketone of spirane structure as presented in Formula V, which can in 
turn be hydrogenated to the 8-hydroxy ketone (Formula VI).!. The dif- 
ferent ways in which such a diketone could be cleaved with alkali could 
explain the observations made. The point of rupture would determine 
either regeneration of the original keto acid or formation of an isomeric 
keto acid, as shown in Formula VII. The formation of a diketone as pre- 
sented in Formula VIII has also been considered, since it might permit the 
other transformations observed, but it appears less likely. In all of these 
reactions the four methoxyl groups remain unaffected and there is no evi- 
dence that the lactam group participates in any of the transformations. 

The apparent greater resistance to demethylation of the dihydroisopyro- 
oxodelphinine series as discussed in the previous communication (2) has 
been substantiated by a study of the action of zinc chloride and HCl on 
the saturated keto acid, CoaH3s0sN above. Only two methyl groups and 
1 mole of water were readily removed under the conditions used with the 
formation of the dimethylanhydroketo acid C2H»0;N. The loss of water 
occurs presumably with formation of an oxidic ring and is restricted here 
to the hydroxyl groups exposed by the dimethylation, since they are the 
only ones available. 

In the previous communication the oxidation of desmethylanhydroiso- 
pyrooxodelphinine was shown to yield a monoketo derivative. Following 
the above experience with isopyrooxodelphonine, it was of interest to study 
the oxidation of the saponification product of the former, desmethylan- 
hydroisopyrooxodelphonine. The result appeared to parallel that obtained 


*An alternative but less favored interpretation would place the conjugated 
double bond in the first ring. The lactone which is formed would then be a less likely 
e-lactone or a 5-lactone if the carboxy] group arises from cleavage of a cyclopentane 
ting. In the latter case appropriate changes would be required in the other formulas 
given. 
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with isopyrooxodelphonine, but with the additional oxidation of the see. 
ondary hydroxyl group exposed by the demethylation. After long con- 
tinued extraction of the diluted reaction mixture with chloroform, two 
isomeric substances were obtained, one an acid and the other of neu- 
tral character. Analysis of these indicated the formulation C.H»,0,N, 
The acid has been interpreted as the unsaturated desmethylanhydrodiketo 
acid in analogy with the experience with the above tetramethoxy deriva- 
tive. This is assumed to be the initial product which gradually and in- 
completely lactonizes on the double bond to the isomeric neutral satwrated 
desmethylanhydrodiketolactone. The latter is readily saponified and, al- 
though gradually attacked by dilute ammonia or NasCOs, it dissolves 
readily in fixed alkali. If these substances have been correctly interpre- 
ted, the original methoxyl groups after demethylation to hydroxyls are 
sufficiently removed from the assumed vicinal tertiary and secondary hy- 
droxyl groups not to participate in the oxidative cleavage of the latter 
to CO and COOH. 

In a preliminary study of the oxidation of the dihydro derivative, des- 
methylanhydrodihydroisopyrooxodelphonine, the expected desmethylan- 
hydrodihydrodiketo acid, CooH;;0;N, was obtained. This product also re- 
_ quired long continued extraction for removal from the diluted oxidation 
mixture. 

It was of interest in this connection to attempt to limit the factors which 
determine the isomerism between the pyro-a-oxodelphinine and the iso- 
pyrooxodelphinine series. For this purpose the previously described octa- 
hydropyro-a-oxodelphinine (fa]p) = —14°) (1) was saponified to dihydro- 
pyro-a-oxodelphonine. The latter was not obtained crystalline but its 
oxidation with chromic acid paralleled that described above with dihydro- 
isopyrooxodelphonine. A dihydroketo acid, C4H3sOsN, resulted and its 
melting point (131—-136°) was lower than that of the above dihydroketo 
acid (149-154°). Although the substances from each source thus ap- 
peared to be different, the resemblance in the other properties studied was 
sufficiently close to render a conclusion in this respect difficult. 


EXPERIMENTAL 


Isomeric Unsaturated Keto Acid and Saturated Ketolactone—1.1 gm. of 
isopyrooxodelphonine (1) dissolved in 35 cc. of acetic acid were gradually 
treated with 5 cc. of Kiliani chromic acid solution (53 gm. of CrQO ; and 80 
gm. of H.SO, in 400 cc. of H,O). Within 10 minutes at room temperature 
the reagent was used up. The diluted mixture was treated with an ex- 
cess of sodium acetate solution and then exhaustively extracted with chloro- 
form. The washed extract was reextracted with an excess of dilute 
NazCO; followed by water. The aqueous extract after reacidification with 
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H.S0, was reextracted exhaustively with chloroform. On concentration 
and drying in vacuo 0.7 gm. of resin resulted. 

In preliminary experiments it was found that such material on standing, 
especially in solution, very gradually yielded crystalline neutral material. 
After several months the main resin had partly crystallized and, 
when treated with a small volume of methanol, became copious. The crys- 
tals were collected with methanol followed by ether and amounted to 0.127 
gm. Thesubstance was neutral and formed small stout tetrahedral or hexag- 
onal prisms which melted at 234-235°. In dilute methanol solution 
with nitroprusside and either Na,CO; or NaOH, a negative yellow color 
quickly developed. 

la]> = +74° (c = 0.45 in 95% ethanol) 
CxH330sN. Calculated. C 62.17, H 7.18, OCH; 26.79 
Found. (a) ‘ 62.05, ‘* 7.22, 


(b) ‘ 62.63, 7.09 “ 26.40 
(c) * 62.30, “ 7.15 


Although the substance was not directly soluble in dilute Na,CO; or 
ammonia, it gradually dissolved in dilute NaOH, due to saponification. 

8.96 mg. of substance suspended in 1 cc. of ethanol on direct titration 
against phenolphthalein slowly but progressively consumed 0.203 cc. of 
0.1 n NaOH; calculated for 1 equivalent, 0.193 cc. On addition of excess 
reagent and refluxing for 2} hours, no further consumption was noted. 

2.115 mg. of substance were refluxed in 0.1 cc. of ethanol and 0.1 cc. of 
0.1 n NaOH for 2} hours and titrated. Found, 0.0475 cc.; calculated for 
1 equivalent, 0.0456 cc. 

On acidification of the titration solution to Congo red with dilute HCl, 
the mixture gradually crystallized on standing. 


Found, C 62.38, H 7.25 


The mother liquor from the above 0.127 gm. of lactone was concentrated 
to small volume and diluted with H,O. A resinous suspension formed 
which, when warmed and seeded with the lactone, gradually crystallized. 
However, after several days aggregates of much larger crystals appeared. 
0.17 gm. of this material was removed mechanically from the suspension 
of smaller crystals and proved to be the acid now to be described. 

The remaining suspension of smaller crystals was carefully treated with 
ammonia as long as apparent solution occurred, and sufficient to be in 
slight excess. The undissolved fraction which was collected with water 
amounted to 48 mg. and proved to be the neutral lactone. 

The filtrate after acidification with acetic acid and seeding gradually 
yielded compact pointed micro prisms. 40 mg. were collected with water. 
The substance was readily soluble in dilute Na,CO; and ammonia and 
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under the microscope did not show a sharp melting point, apparently 
owing to partial transformation into the neutral lactone. About 30 per 
cent melted at 196-199°, about 50 per cent at 230-233°, and the remain. 
der at 241-245°. 


lab] = +48° (c = 0.415 in 95% ethanol) 
For analysis it was dried at 110° and 0.2 mm. 
CosH3305N. Calculated, C 62.17, H 7.18; found, C 61.84, H 6.93 


As in the case of the lactone, the acid showed no Legal reaction with 
nitroprusside. 

30 mg. of the above acid were heated gradually in a sublimation appara- 
tus at 0.03 mm. When the bath temperature reached 210°, most of the 
substance appeared to melt and at about 225° a deposit appeared on the 
condenser. During 15 minutes the bath was gradually raised to 275°. 
The sublimate was washed off with acetone and, when dried, weighed 26 
mg. ‘This crystallized readily in a small volume of methanol. This frae- 
tion weighed 9 mg. and was followed by an additional 5 mg. The sub- 
stance was not soluble in dilute ammonia or NasCQ3. 


la]* = +74° (c = 0.42 in 95% ethanol) 


In other respects it proved identical with the above neutral lactone. 

The above aqueous mother liquor from the acid fraction which had been 
acidified with acetic acid was now further acidified to Congo red with H.SQ,. 
On long standing a final fraction of 35 mg. of neutral lactone was obtained 
which melted at 228-231°. 

Methyl Ester—The previous acid (70 mg.) was treated with excess diazo- 
methane in acetone. The concentrated solution crystallized as micro 
leaflets or rods. When crystallized from a small volume of cold ether, 52 
mg. were obtained which gradually melted under the microscope at 197- 
202° with crystals remaining until 205°. 


CosH;,0sN. Calculated, C 62.86, H 7.39; found, C 62.68, H 7.21 


For the preparation of the oxime 20 mg. of ester were gently warmed to 
dissolve with a mixture of 12 mg. of hydroxylamine hydrochloride and 30 
mg. of sodium acetate in 2 cc. of methanol. After several days, the con- 
centrated mixture on careful dilution yielded 5 mg. of a crystalline fraction 
which contained unchanged starting material. The concentrated mother 
liquor on further manipulation yielded 7 mg. of a microcrystalline frac- 
tion which melted under the microscope at 173-178°. A small amount 
apparently of starting material persisted till 192-196°. 


CosH3¢0gNo. Caleulated, N 5.69; found, N 5.04 
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Dihydroketo Acid, CuH:0sN—O0.3 gm. of dihydroisopyrooxodelphonine 
in 10 ce. of acetic acid was gradually treated at room temperature with 
Kiliani chromic acid solution. Following the addition of 0.9 ec. or about 
2 equivalents of O, the reaction appeared more gradual. When a total of 
1.2 cc. had been consumed, the mixture was diluted and thoroughly ex- 
tracted with chloroform. The extract after washing with a small amount 
of water was concentrated finally in vacuo to remove excess acetic acid. 
The residue was redissolved in chloroform and the solution then reextracted 
with dilute Na,CO;. The latter was reacidified with H,SO, and, in turn, 
thoroughly extracted with chloroform. The dried extract after concen- 
tration yielded 0.22 gm. of residue. The latter was dissolved in a small 
volume of methanol and after dilution gradually crystallized with about 1 
mole of H,O as stout nearly rhombic or rectangular prisms or platelets 
followed by some pointed blades. The acid melted gradually from 149- 
154° after preliminary sintering, especially above 140°. The melting point, 
however, varied considerably with the conditions of crystallization. From 
benzene it formed needles with or without solvent which sintered above 
150° and gradually melted above 156°; but crystals persisted to 166°. It 
is sparingly soluble in H:O and cold benzene, but readily soluble when 
warmed. It is soluble in alcohol and acetone. 


le]p = +7° (c = 0.98 in 50% ethanol) 
For analysis it was dried at 110° and 0.2 mm. 


CxuH;,0sN-H,O. Calculated, H.O 3.73; found, H.O 3.73 
CosH3503N. Calculated. C 61.90, H 7.58, OCH; 26 .67 
Found. **OR:0R: 7.46, “* WF 


8.578 mg. of substance on titration with 0.1 nN NaOH against phenol- 
phthalein required 0.188 cc. Calculated for 1 equivalent, 0.185 ce. When 
boiled with excess reagent further consumption was negligible. 

The oxidation with permanganate was much less satisfactory. 50 mg. 
of the dihydro derivative in 5 cc. of acetone were treated with 40 mg. of 
KMnQ,. Since there was no apparent reaction after 15 minutes, 0.05 ce. 
of acetic acid was added. Only a very gradual reaction occurred at room 
temperature and the reagent persisted for 2 days. The filtrate from MnO, 
was diluted and concentrated to remove acetone and the mixture was 
then made alkaline with dilute Na,CO; and extracted with chloroform. 
The latter yielded 22 mg. of neutral residue which partly crystallized from 
acetone-ether when seeded with starting material. 

The above Na,CO; extract was acidified with H.SO, and, after extrac- 
tion with chloroform, yielded 31 mg. of a resin. This was dissolved in a 
drop of methanol followed by dilution. When seeded, crystallization 
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occurred and 12 mg. of substance were collected which proved identical] 
with the above acid. 


Found, C 61.93, H 7.54 


Methyl Ester—75 mg. of the previous acid in acetone solution were treated 
with excess diazomethane. Since attempts to crystallize the ester were 
unsuccessful, the resin obtained after removal of solvent was sublimed at 
0.05 mm. pressure from a bath heated from 200-230°. A colorless resin 
was collected. 


CaH;70,N. Calculated, C 62.59, H 7.78; found, C 62.57, H 7.75 


1.863 mg. of substance were heated at 100° for 2} hours in 0.1 ce. of 
ethanol and 0.1 cc. of 0.1 N NaOH and titrated against phenolphthalein. 
Found, 0.0422 cc. Calculated for 1 equivalent, 0.0389 cc. 

Oxime of Methyl Ester—20 mg. of the ester in methanol were heated for 
1 hour with a mixture of hydroxylamine hydrochloride and sodium acetate, 
The concentrated mixture on dilution yielded 14 mg. of crystals. On pro- 
gressive dilution of its concentrated methanol solution, the oxime crystal- 
lized as glistening 4-sided micro prisms or platelets which melted at 140- 
142°. 

CosHss0sN2. Calculated. C 60.69, H 7.75, N 5.67 
Found. OOO, fibty * O2ee 

The relationship of the oxidation products from isopyrooxodelphonine 
and its dihydro derivative was shown in two ways. 

0.275 gm. of isopyrooxodelphonine was oxidized with Kiliani solution as 
described above, and the chloroform extract was in turn extracted with 
dilute Na,CO;. The latter after acidification was reextracted with chloro- 
form which yielded 0.15 gm. of a resinous acid product. The latter in 
methanol solution was hydrogenated with 50 mg. of platinum oxide. Al- 
though the H; absorption appeared complete in 2 hours, the operation was 
continued for 2 days. The apparent absorption in excess of the catalyst 
requirement was about 9 cc. This was in excess of the theory and pos- 
sibly due to side reactions. The reaction mixture was diluted with chloro- 
form, filtered, and the filtrate extracted with dilute Na,CO;. The chloro- 
form phase was now found to contain an appreciable neutral fraction, since 
on concentration it yielded 89 mg. of residue. When treated with 
methanol, characteristic crystals of the neutral lactone separated. This 
fraction yielded 21 mg. and more separated from the mother liquor. It 
melted at 232.5-236.5°. 


CxuH303N. Calculated, C 62.17, H 7.18; found, C 62.30, H 7.17 


Due to lactonization this fraction therefore escaped hydrogenation. 
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The above Na,CO; extract after reacidification with H:SO, was reex- 
tracted with chloroform. The latter yielded 62 mg. of a resin. The solu- 
tion in a few drops of methanol, when carefully diluted, gave successive 
fractions of the dihydroketo acid as microtriangular leaflets which melted 
at 152.5°. 

For analysis it was dried at 110° and 0.2 mm. 


CaH3;0eN. Calculated, C 61.90, H 7.58; found, C 62.04, H 7.53 


In another experiment 48 mg. of the unsaturated ketolactone, CosH3;03N, 
were shaken in 95 per cent ethanol with 50 mg. of platinum oxide and Hg. 
After absorption of 12 cc. by the catalyst, no further absorption occurred 
even on heating to dissolve the sparingly soluble substance. The appara- 
tus was then exhausted of Hz and disconnected. A few drops of ammonia 
in sufficient excess were added; the apparatus was refilled with H, and the 
operation was continued. The crystals gradually dissolved, due to saponi- 
fication, and H, absorption also became apparent. After 50 minutes the 
absorption (3.4 cc.) was somewhat in excess of 1 mole (about 2.5 cc.) and 
had practically stopped. The filtrate from the catalyst, after repeated 
concentration in vacuo to dryness, gave a residue of the free acid which, 
when dissolved in warm water and seeded, readily crystallized as micro 
prisms or leaflets which melted at 150-155° after preliminary sintering. 

For analysis it was dried at 110° and 0.2 mm. 


Found, C 61.71, H 7.59 


8-Diketo Derivative—O.4 gm. of the dihydroketo acid was gradually 
heated in a sublimation apparatus with the pressure at about 0.01 to 0.05 
mm. With the bath at 190° slight sublimation became apparent and the 
temperature was gradually raised during 10 minutes to 205° and then to 
235°, when sublimation was practically completed. Following a final 
period the temperature reached 245°. The resinous deposit was dissolved 
in chloroform and the latter was extracted first with dilute Na,CO; and 
then with water. The dried solution on concentration yielded 0.32 gm. of 
aneutral resin. The latter, when dissolved in acetone followed by addition 
of ether, crystallized as spear-headed plates or leaflets. 0.175 gm. was col- 


lected with ether. It melted at 141-142° after slight preliminary sinter- 
ing. 


CxuH;;07;N. Calculated, C 64.39, H 7.44; found, C 64.34, H 7.40 


In methanol or pyridine solution with sodium nitroprusside and dilute 
Na,CO; it gave a red color, whereas the original keto acid showed a much | 
more slowly developing reaction. With dilute NaOH there was less con- 
trast and in both cases a deep red color developed. 

The substance was readily cleaved with dilute alkali. 1.965 mg. of sub- 
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stance in 0.1 cc. of ethanol were titrated against phenolphthalein at room 
temperature with 0.1 N NaOH. It consumed the alkali gradually up to 
0.0358 ec. Calculated for 1 mole, 0.0439 cc. 

The ultraviolet absorption spectrum is recorded in Fig. 2. 

As a check on its relation to the original keto acid, its alkali cleavage was 
studied as follows: 35 mg. of the substance were suspended in 1 cc. of H,0 
and treated with excess ammonia. On stirring, and especially when 
warmed, it gradually dissolved. A small amount of ethanol was added 
with some additional ammonia and the mixture was repeatedly boiled 
down after H.O addition to remove all ethanol and ammonia. When 
seeded with the keto acid, crystallization occurred. 5 mg. were collected 
which melted at 149-151° and were soluble in dilute ammonia. Manipula- 
tion of the mother liquor yielded about 1 mg. more. From benzene with 
ether it formed needles which sintered above 150° and gradually melted 
at 155-159° but not completely till 165°. 

la]Jd = +7.5° (c = 0.39 in 50% ethanol) 
Found, C 61.58, H 7.66 


The major portion remained in the mother liquor. Because of initial 
crystallization difficulties this was repeatedly extracted with chloroform 
and the concentrated solution was reextracted with dilute Na:COs, fol- 
lowed by H.O. Only a negligible fraction remained in the chloroform 
phase. The Na,CO; extract was acidified with H.SO, and repeatedly ex- 
tracted with chloroform. The latter yielded 26 mg. of a resin. When dis- 
solved in benzene and seeded with the keto acid, a mg. or so of the above 
substance crystallized. The mother liquor was concentrated to dryness 
The residue dissolved in a little acetone followed by ether crystallized on 
standing as rosettes of flat needles or leaflets. 7 mg. were collected. It 
lost birefringence under the microscope about 75-80° and was definitely 
different from its precursor and probably isomeric. Its properties and the 
amount available made necessary a postponement of its further detailed 
study. For analysis it was dried at 100° and 0.2 mm. 


C2H;,0sN. Calculated, C 61.90, H 7.58; found, C 61.30, H 7.45 


8-Hydroxyketo Derivative—50 mg. of the above 8-diketo derivative, when 
hydrogenated in methanol with 30 mg. of platinum oxide, absorbed slightly 
more than 1 mole of H, beyond the catalyst requirements. This occurred 
within an hour but the operation was continued for several hours. The 
concentrated filtrate yielded a resin which from a few drops of acetone on 
careful ether addition crystallized mostly as microtriangular prisms or 
platelets. The yield in this fraction was about 20mg. A small additional 
amount was obtained from the mother liquor but much remained as a non- 
crystalline resin. This could not be crystallized when seeded with the 
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substance described below. After recrystallization from acetone-ether, 
the product melted at 212-213°. 
C.Hy,0;N. Caleulated, C 64.10, H 7.85; found, C 64.07, H 7.78 

When refluxed for several hours with a mixture of equal parts of methanol 
and 0.1 N NaOH, no consumption of alkali was noted. 

The ultraviolet absorption spectrum is recorded in Fig. 2. 

70 mg. of the diketone were hydrogenated with 50 mg. of platinum oxide 
in acetic acid. Although most He absorption occurred during the Ist few 
hours, the operation was continued overnight when the apparent absorp- 
tion beyond the catalyst was 10 to 11 ce. or a possible 3 moles. Chloro- 
form was used during filtration from the catalyst and the filtrate was 
concentrated in vacuo to dryness. <A solution of the residue in chloro- 
form, when extracted with dilute Na2xCOs, yielded negligible acidic material. 
The neutral fraction was obtained as a resin on removal of the chloroform 
and yielded from a concentrated acetone-ether solution a minor initial 
fraction. When collected with ether, 4 mg. were obtained. This to- 
gether with a fraction from a second experiment was recrystallized from 
acetone-ether. It separated as small microtriangular or hexagonal prisms 
which agreed in properties with the above substance. 

Found, C 64.138, H 8.06 


The major product in the mother liquor was obtained in several fractions 
from ether in a yield of 40 to 50 mg. It formed micro platelets which 
melted at 168-170°. It gave practically no Legal test and absorbed no 
alkali on direct titration or after heating several hours with 0.1 n NaOH. 

CoH;;0.N. Calculated. C 66.16, H 8.57, OCH; 28.51 
Co3H3;0.N. % “* Gica1, Sat, “© QZBi4ae 
Found. (a) ‘ 65.56, “‘ 8.46, ‘* 28.50 

(b) “* 66.04, ‘ 8.57 

(c) ** 66.08, “ 3.58 

(d) “* 65.49, ** 8.20 

The ultraviolet absorption spectrum obtained is shown in Fig. 2. 

Dimethylanhydroketo Acid—50 mg. of the dihydroketo acid, C4H3O,N, 
were gradually dissolved in a solution of 2 gm. of zine chloride in 0.7 ce. 
of 5 per cent HCl at 40°. After 45 minutes the clear diluted solution was 
extracted continuously with chloroform for several hours. The extracted 
resin crystallized readily from methanol as small hexagonal micro platelets 
or larger needles which melted at 272-277° after preliminary sintering. 

For analysis it was dried at 110° and 0.2 mm. 

Co2:H207;N. Calculated. C 62.97, H 6.97, 2(O0CH;) 14.80 
Found. (a) ‘‘ 62.72, ‘* 6.93, vy 15.60 

(b) ‘* 62.18, ** 6.81, %s 15.10 

(c) ‘* 63.42, ‘* 7.14, we 15.41 
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2.012 mg. of dried substance on direct titration with 0.1 N NaOH against 
phenolphthalein required 0.0468 cc. Calculated for 1 equivalent, 0.048 ee. 

Oxidation of Dihydropyro-a-oxodelphonine—Since dihydropyro-a-oxo- 
delphonine has not been crystallized, the amorphous material obtained by 
saponification of octahydropyro-a-oxodelphinine (1) was used for the 
oxidation. For this purpose a solution of 0.1 gm. of the latter in 2.5 ec. 
of methanol was treated with 1.2 cc. of 10 per cent NaOH. The clear solu- 
tion after several hours at room temperature was treated with saturated 
NaCl solution and repeatedly extracted with chloroform. The extract 
was washed with NaCl solution, dried, and concentrated in vacuo to a re- 
sin. The latter in a mixture of 3 cc. of acetic acid and 0.3 cc. of H.O was 
treated with 0.5 cc. of Kiliani solution. After 45 minutes at room tem- 
perature, the diluted mixture was extracted with chloroform in a contin- 
uous extractor. The extracted material after drying in vacuo weighed 80 
mg. A solution in a few drops of methanol followed by H.O addition 
gradually yielded a crust of crystals. 29 mg. were collected with H,0. 
For recrystallization it was dissolved in HO with a slight excess of am- 
monia, cleared with norit, and the filtrate acidified with acetic acid. It 
crystallized as 4- or 5-sided boat-shaped or often triangular micro leaflets 
which melted at 131-136° after preliminary sintering. The mixture with 
the dihydroketo acid described above melted at an intermediate point, 
143-147°. 


la]? = +2° (c = 0.79 in 50% ethanol) 
Ca4Hy,0;N -H,0. Calculated, H,0 3.73; found, H.0 3.32, 3.03 


CaHysOgN. Calculated. C 61.90, H 7.58 
Found. (a) ‘ 62.06, ‘* 7.84 
Kb} *-62.00, ** ‘7.61 


Isomeric Unsaturated Desmethylanhydrodiketo Acid and Saturated Diketo 
Lactone—0.15 gm. of desmethylanhydroisopyrooxodelphonine was dis- 
solved in a mixture of 0.75 cc. of H:O and 2.25 cc. of acetic acid 
and gradually treated with 0.96 cc. of Kiliani solution. The reaction 
became more gradual after 5 minutes. After 25 minutes the diluted solu- 
tion was treated with 0.7 cc. of saturated sodium acetate and the mixture 
was continuously extracted with chloroform for 18 hours. 31 mg. of a 
resin were extracted. After 24 hours more, a second fraction of 31 mg. 
followed which was succeeded in turn after 48 hours by 32 mg. A final 
72 hours yielded 12 mg. The combined fractions in a small volume of 
water gradually crystallized, especially when crystals were once obtained. 
This was collected with a small volume of H.O and weighed 51 mg. It was 
found to be a mixture of apparently neutral and acid material. For separa- 
tion the suspension in a little water was carefully treated with ammonia 








in slig 
was C 


mg. ¥ 

quick 

after 
For 


For 
exper 
move 
The : 
amm: 
243° 


2.0 
of H. 
The 
stant 


of e 
Fou 
witl 


recc 
100) 
gen 
line 


tres 














W. A. JACOBS AND Y. SATO 493 


in slight excess and after thorough mixing the undissolved neutral lactone 

was collected with a little water. This material which amounted to 16 

mg. was not directly soluble in dilute ammonia or Na,CO;, but rather 

quickly in dilute NaOH. It melted gradually over a range of 298-312° 

after some preliminary sintering about 255-257° and contained solvent. 
For analysis it was dried at 110° and 0.2 mm. 


CooH2,0;N. Calculated, C 61.99, H 5.47; found, C 62.00, H 5.64 


For recrystallization this material with a similar fraction from another 
experiment was dissolved in acetone-H,O (5:1) and concentrated to re- 
move most of the acetone. The solution slowly crystallized as needles. 
The substance after collection with water was still not directly soluble in 
ammonia or dilute Na,CO;. It partly softened apparently in solvent at 
243° and finally melted at 313-316°. 


Found, C 61.53, H 5.56 


2.045 mg. of dried substance suspended in 0.1 cc. of ethanol and 0.1 ce. 
of H,O were titrated directly with 0.1 N NaOH against phenolphthalein. 
The alkali consumption was gradual and after complete solution of sub- 
stance amounted to 0.0524 ec. Calculated for 1 equivalent, 0.0528 cc. 
When heated for 2 hours with excess alkali, no further consumption 
occurred. 

The ammoniacal filtrate from the neutral fraction was acidified with ace- 
tic acid and, when rubbed, the acid gradually crystallized as micro plate- 
lets which were mostly rhombic or derived therefrom. 21 mg. were col- 
lected with water. It was readily soluble in dilute ammonia and Na,CO; 
and melted at 301-304°. It contained solvent. For analysis it was dried 
at 110° and 0.2 mm. 


Cx» H.20;N. Calculated. C 61.99, H 5.47 
Found. (a) ‘* 62.00, ‘* 5.38 
(b) ‘* 62.10, ‘* 5.49 


A suspension of 1.97 mg. of dried substance in 0.2 ec. of H,O and 0.2 ce. 
of ethanol was titrated directly with 0.1 N NaOH against phenolphthalein. 
Found, 0.049 cc.; calculated for 1 equivalent, 0.051 cc. When heated 
with excess alkali for 2 hours, no further consumption occurred. 

Desmethylanhydrodihydrodiketo Acid, CoH230;N—The following account 
records a preliminary study in which the desmethylanhydrodihydroisopy- 
rooxodelphonine used was the total resinous product obtained on hydro- 
genation of desmethylanhydroisopyrooxodelphonine (2) and before crystal- 
line material had become available. It was possibly a mixture of isomers. 
0.2 gm. dissolved in 1 ec. of HO and 3 ce. of acetic acid was gradually 
treated with Kiliani solution which was consumed within } hour. Con- 
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tinuous extraction of the diluted mixture with chloroform required an 
unusual time for completion. The approximate amounts extracted were 
30 mg. after 22 hours, followed in succession by 25 mg. after 24 hours, 30 
mg. after 24 hours, and 36 mg. after a final 72 hours. A diluted acetone 
solution of the second fraction on slow evaporation crystallized when nearly 
dry and the other fractions could then be seeded. The last three frac. 
tions were combined by solution in H:,O-acetone (1:9), filtered, and then 
concentrated repeatedly with dry acetone to remove most of the water, 
It slowly separated as a microcrystalline powder which was aided by addi- 
tion of ether. After long standing this was collected with moist acetone 
in which it was appreciably soluble. It was readily soluble in H,O and 
melted at 222-223°. For analysis the substance was dried at 110° and 
0.2 mm. 


CopHo307;N. Caleulated, C 61.67, H 5.96; found, C 61.27, H 5.99 


al, 


All the quantitative data have been obtained by Mr. D. Rigakos of this 
laboratory. 


SUMMARY 


Oxidation of dihydroisopyrooxodelphonine with chromic acid yields a 
keto acid, CoH3;0sN. The unsaturated isopyrooxodelphonine is oxidized 
to an unsaturated keto acid, Ca4H3;0sN, which can be hydrogenated to 
the previous acid. Contrary to the latter, the unsaturated keto acid iso- 
merizes with acid or on distillation to a saturated ketolactone, C,H ,0;N, 
which cannot be hydrogenated except when again saponified. The pro- 
duction of the keto acid is interpreted as due to cleavage of vicinal tertiary 
and secondary hydroxyl groups. The latter occurs as the benzoy! ester 
in the parent alkaloid. The saturated ketolactone on distillation yields 
a B-diketo derivative, C.4H3;0;N, the hydrogenation of which has been 
studied. The results of the oxidation of the demethylated anhydro deriv- 
atives are also described. 

The structures involved in these reactions have been discussed and the 
conclusions drawn. 
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THE ACTION OF AN ANALOGUE OF ETHANOLAMINE 
(DIETHANOLAMINE) ON THE FORMATION OF 
LIVER PHOSPHOLIPIDES* 


By CAMILLO ARTOM, W. E. CORNATZER, anp MARIETTA CROWDER 


(From the Department of Biochemistry, Bowman Gray School of Medicine, Wake Forest 
College, Winston-Salem, North Carolina) 


(Received for publication, March 18, 1949) 


In previous investigations (1, 2) a number of substances with a consti- 
tution related to that of the main nitrogenous components of tissue phos- 
pholipides, choline and ethanolamine, were tested for their ability to 
stimulate lipide phosphorylation in the liver. Among the compounds 
tested, diethanolamine caused increases in the phospholipide formation 
of a degree comparable to, or greater than, the increases observed after 
the administration of the natural analogue. In such experiments the 
substances were given in a single large dose and the liver was analyzed a 
few hours later. It became of interest to study the effects on the rate of 
lipide phosphorylation and on the composition of liver phospholipides 
which result from feeding rats over a prolonged period of time with di- 
ethanolamine-containing diets. 


EXPERIMENTAL 


Male albino rats, raised on a stock diet to 100 to 110 gm. of body weight, 
were transferred to experimental diets in which a mixture of B vitamins 
(3) was incorporated daily. Two basic diets, both with a low protein 
content (5 per cent casein), but differing in the level of fat (5 per cent 
in Diet 26 (4), 32 per cent in Diet 28 (2)) were employed. After 7 or 12 
days on the experimental diets, the rats were injected intraperitoneally 
with a solution of NazHPO, containing radioactive phosphorus (2 to 4 
uc.), and 6 hours later they were killed by decapitation. The lipides 
were extracted from the liver with alcohol and alcohol-ether and purified 
with chloroform (5). On aliquots of the chloroform solution the weight 
of the lipides, their radioactivity (5), and phosphorus content (6) were 
determined. Additional analyses were carried out on the remaining por- 
tions of these extracts, as described below. 


* A preliminary report was presented before the annual meeting of the American 
Society of Biological Chemists, Detroit, April, 1949 (Federation Proc., 8, 192 (1949)). 
The work described in this paper was supported by the United States Atomic Energy 
Commission under a contract between the Bowman Gray School of Medicine and 
the Office of Naval Research, United States Navy. The P** used was supplied by 
Oak Ridge National Laboratory, on allocation from the United States Atomic 
Energy Commission. 
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Several series of experiments were made at various times of the year, 
on rats of two different strains (Sherman or Wistar) and under different 
conditions (diet and time on diet). These differences presumably ac- 
count for a certain degree of variability in the results obtained on the 
control groups of the various series. However, in each series the experi- 
ments were run simultaneously on animals of the same source and under 
identical conditions, so that the results from the groups of the same series 
are directly comparable. In the experiments of Series I the effects of 
single doses of ethanolamine and diethanolamine were reinvestigated, 
After 7 days on Diet 26 the rats received 1 cc. of either water, ethanola- 
mine (5 per cent), or diethanolamine (10 per cent) by stomach tube. 
5 minutes later, all animals were injected with isotopic phosphate and 
killed after 6 hours. In Series II to VI, one group of animals was main- 
tained on the unsupplemented diet and one (or more) group on the same 
diet supplemented with diethanolamine (0.5 per cent). In most of these 
groups, 5 minutes before the injection of P®, the rats received one addi- 
tional dose of diethanolamine (100 mg. in 1 ec. of water) by stomach tube, 
while the animals of the control groups received 1 cc. of water. Series V 
and VI included also one group each of rats which were maintained on 
Diet 28 supplemented with ethanolamine (0.5 per cent). 


Results 


Action of Diethanolamine on Formation of Total Phospholipides (Table 
I)—After administration of a single massive dose of either ethanolamine 
or diethanolamine (Series I), the isotopic values increased considerably, 
as in our previous experiments (1, 2), but, in marked contrast, when di 
ethanolamine was added to the diets for 7 or 12 days (Series II to VI), a 
decrease in the specific activity occurred, whether or not a massive dose 
was superimposed on the dietary régime. In two experiments (Series 
IV and VI) the decrease was a little larger when the massive dose was 
omitted. On the ethanolamine-containing diets, the specific activity 
showed a tendency to increase rather than to decrease. 

The weight of the liver (calculated for a 100 gm. rat) was increased in 
the experiments in which diethanolamine was added to Diet 26, but not 
when the substance was added to Diet 28. It should be pointed out 
that the rats of the latter groups consumed progressively less food, so 
that in the last days very little diethanolamine was actually ingested. 

Action of Diethanolamine on Formation of Choline-Containing and Non- 
Choline-Containing Phospholipides—After evaporation of the chloroform 
from the pooled extracts, the lipides were dissolved in cold methanol. 
Visible amounts of insoluble material were eliminated by filtration, and 
the filtrate was treated with magnesium oxide, according to the procedure 
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described by Taurog et al. for the separation of the choline-containing 
from the non-choline-containing phospholipides (7). The radioactivity, 


TABLE I 


Formation of Total Phospholipides in Liver of Rats Fed Diethanolamine (D) or 
Ethanolamine (E) 


Total phospholipides 














—_ —— No. of B ye hye | Liver weight for z 
group | on diet* rats tested | intake | weight | 100 gm. rat Radio- Specific 
of rats activity activity 
Substance given in single dose 
gm. gm. gm. 
Ika | 26 (7) 7 None 8.9 —5 | 4.37 +0.20 3044+ 36) 884 4 
IL-b  26(7 6 | E 9.1 —4 | 4.5440.16 | 537+ 25/1334 5 
I-c | 26 (7) 6 6D 9.3 | —4 | 4.75+0.15 689 + 35/144 + 13 
Substance added to diet 

II-a | 26 (7) 3t None! 10.3 —4 | 4.46 + 0.22 | 439 + 34] 674 6 
II-b | 26 (7) 2t Dt 9.0 +3 | 7.22+ 0.63 | 358+20| 364 3 
IIl-a | 26 (7) 3t | None! 9.0 | —10 | 3.96+0.15 | 4724 42| 85+ 6 
IlI-b | 26 (7) 4¢ | Dt 7.0 | -12 | 6.46+ 0.39 | 480 + 37| 434 3 
IV-a | 26 (7) 4 |None| 8.9 , —9 | 4.12+0.18 | 594 + 36| 108+ 6 
IV-b | 26 (7) 4 |D 8.6 | -8 | 5.82+0.36 | 359+ 24| 544 3 
IV-c | 26 (7) 4 |“ 9.5  —9 | 6.43 +0.14 | 567+ 33) 75+ 2 
V-a| 28(7) | 4 | None| 7.2 | —8 | 5.1740.17 | 411427) 714 5 
V-b| 28 (7) 6 |E 5.3 | -13 | 4.12+40.15 |450+ 8] 934 3 
V-e| 28(7) | 4 | Dt 4.8 | —14 | 5.63 + 0.26 | 4844 16) 594 5 
VI-a| 28 (12); 4 | None| 6.6 —7 | 5.00 + 0.36 | 467+ 47} 844 8 
VI-b | 28 (12); 6 E 5.9 —9 | 5.19 + 0.28 | 419+ 20) 89+ 5 
VI-c | 28(12)} 4 |D 3.8 | -17 | 5.19+0.37 | 513447) 714 2 
Vid} 28(12)} 4 | “t 3.9 | -16 | 5.14+0.18 | 560475) 77+ 9 








The values are the averages of the data obtained on the individual livers of the 
rats of each group. The figures preceded by + are the standard error of the means. 
The radioactivity is referred to the whole liver and expressed as per cent of the 
dose injected into the animal X100. Thus, the values are directly comparable 
to those reported in previous papers from this laboratory, in which the radioac- 
tivity was expressed in relative radioactive units (r.r.u.), the dose injected being 
assumed as equal to 10‘ r.r.u. The specific activity is the radioactivity (see above) 
divided by the mg. of lipide P in the whole liver of a 100 gm. rat. 

* The figures in parentheses indicate the days on the diet. 

+ Wistar rats; all other rats were of the Sherman strain. 

{5 minutes before the introduction of P?* these rats received by stomach tube 
an additional dose of diethanolamine (100 mg. in 1 cc. of water). 


phosphorus, and often also choline (8) were determined on aliquots of the 
methanol solution before and after treatment with MgO, the values for 
the non-choline-containing fraction being obtained by difference. Prac- 
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tically all of the choline originally present in the lipide extracts wag 
present in the methanol solution after treatment with MgO. However, 
in the latter solution the molar ratio of choline to phosphorus was often 
considerably below unity, which is the theoretical value in lecithins and 
sphingomyelins. These findings, which resemble those of our previous 
determinations (1), suggest either that the adsorption of non-choline- 


TABLE II 
Formation of Choline-Containing (CC) and Non-Choline-Containing (NCC 
Phospholipides in Liver of Rats Fed Diethanolamine (D) 
or Ethanolamine (FE) 


Radioactivity Specific activity 
Series : . 
- Dietand y. 9; Sub- 
and days No. of stance Total CC NCC Dat Total cc NCC “s 
group jiet* rats mae otoitag “af “sea Ratio, ‘Sessa e- wt tat Ratio, 
zat fe Ss tested phos phos pao NCC phos phos phos NCC 
pho- pho- pho en pho pho pho- - 
lipides | lipides lipides Ct lipides | lipides | lipides) 9 
Substance given in single dose 
I-a 26 (7) 5 None 350 221 129 0.59 87 89 83 0.92 
26 (7) 5 i 530 312 218 0.70 13 133 127 ().98 
I-e 26 (7) 4 D 615 . 309 306 . 0.98 144 122 175 | 1.45 
Substance added to diet 
IV-a| 26 (7) | None 541 288 253 0.88 107 101 114 1.13 
IV-b| 26 (7) { D 330 93 237 2.54 53 34 68 2.00 
IV-c} 26 (7); 4 | “‘t 454 | 150 | 304 | 2.02 72 50 91 | 1.82 
VI-a| 28 (12) 2 None 401 282 119 0.42 96 92 109 1.18 
VI-b! 28 (12)} 3 | E 378 «215 s«163's«0..76 SI 88 72 0.82 
VI-c| 28 (12); 2 D 460 117 343 2.08 66 34 4 2.76 
VI-d 28 (12); 2 pitt: 444 132 312 2.36 78 56 94 1.68 


The values for Series I are the averages of data obtained by the analysis of indi 
vidual liver extracts. In the other series, duplicate determinations were carried 
out on pooled samples from all (Series IV) or part (Series VI) of the rats of each 
group. All analyses were made on the lipides redissolved in methanol, after elimi 
nation, by filtration, of the material insoluble in methanol. 

See the explanations below Table I. 


containing phospholipides was incomplete or that in our lipide extracts 
there were notable amounts of substances other than typical cephalins, 
which contained phosphorus but no choline. Subject to these reserva- 
tions, the results of the P and radioactivity determinations (Table IJ) 
show that single doses of either ethanolamine or diethanolamine stimulate 


1 The possibility should be pointed out that all or part of these substances may 
be formed in the analytical procedures as the result of a partial splitting of the 
lecithins. 
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the formation of both choline- and non-choline-containing phospholipides, 
whereas in the rats fed diethanolamine over prolonged periods the iso- 
topic values were decreased only (radioactivities) or chiefly (specific 
activities) in the choline-containing fraction. In the control rats the 
specific activities of the two fractions were approximately equal, but in 
the rats which received diethanolamine, either in a single massive dose or 
in the diet, with or without the addition of a large dose of the amine, the 
specific activity of choline-containing phospholipides was much lower 
than that of the non-choline-containing fraction. This effect was not 
apparent in the rats fed ethanolamine. 

Effects of Diethanolamine-Containing Diets on Lipide Composition of 
Liver (Table JIJ7)—In the rats on diethanolamine-containing diets 
the amounts of total and non-choline-containing phospholipides were 
considerably increased, while the values for the choline-containing 
phospholipides were either unchanged or lower than in the controls. 
Consequently, there was a marked decrease in the per cent of the 
choline-containing in the total phospholipides. Similar findings were not 
obtained when ethanolamine was added to the diet. The liver of rats fed 
the high fat diet with diethanolamine contained less neutral fat than 
that of the controls on the unsupplemented diet. However, this dif- 
ference may be due to the lower intake of dietary fats rather than to 
a true lipotropic effect of the compound (see Handler and Dann (9)). 

Attempts to Detect Incorporation of Diethanolamine in Liver Phospholip- 
ides—It was thought that some evidence on this point could be obtained 
by oxidizing the hydrolysate of the phospholipides with periodate and 
analyzing the products of this oxidation. Experiments on pure solutions 
showed that in the oxidation of diethanolamine for each mole of NH; 
formed 2 moles of HIO, were reduced and 4 moles of HCHO were formed, 
whereas in the oxidation of ethanolamine for each mole of NH; 1 mole 
of HIO, was reduced and 2 of HCHO were formed. 

However, one could easily anticipate that the significance of the re- 
sults obtained on the hydrolysates of crude lipide extracts would be ob- 
scured by the presence in these extracts of large amounts of other prod- 
ucts which react with periodate without yielding NH;. A _ partial 
elimination of these interfering substances was attempted by either one 
of the following procedures: (a) careful purification of the phospholipides 
(10, 11) before hydrolysis by HCl in methanol, or (b) hydrolysis of the 
crude acetone precipitate, adsorption of the amines on a permutit col- 
umn (12), and elution of the adsorbate with a NaCl solution. On the 
materials thus treated determinations of the NH; (13), formaldehyde 
(14), and periodate consumed (13) were made. From the results, it 
appeared that neither procedure allowed a complete elimination of the 
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interfering substances. However, the ratios of the NH; to the HIO, 
reduced and to the HCHO formed were definitely higher in the groups 
on diethanolamine-containing diets than in the controls on the diets alone 
or with added ethanolamine, the average values being 1:2.57:4.78 in 
the diethanolamine-fed rats (four analyses) and 1:1.52:3.54 in the con- 


TaBLe III 
Lipide Composition of Liver of Rats on Diets Containing Diethanolamine (D 
or Ethanolamine (E) 








| Phospholipides 
eel ae | me | cee Non. | Neutr 
of rats on diet® | | diet | Total | Choline-containing pacers 
| | ing 
A fe Ne A, A alekancteaal r 
| | mg. még. | totot meg. mg. 
IIl-a | 26 (7) | 3t | None | 149 | 58 39 91 121 
IIl-b | 26 (7) | 2¢ | Dt | 226 59 26 167 120 
III-a | 26 (7) | 8f | None | 126 5 | 4 | 7 +! ill 
IlIl-b | 26 (7) | 4t | Dt | 283 56 | 22 | 197 85 
IV-a | 26 (7) | 4 | None | 125 60 | 48 | 65 299 
IV-b | 26 (7) | 4 D 161 41 | 2% 120 371 
ee aoe we ie | 17% | 53 | 8 | 123 305 
V-a | 28 (7) | 4 | None | 139 | 64 | 46 | 7 539 
V-b | 28 (7) | 6 E , 112 5 | 45 | 62 299 
V-c | 28 (7) 4 ann fie See el 230 
VI-a | 28 (12)| 4 None | 127 | 73 | 57 | 54 | 800 
VI-b | 28 (12) 6 E 103 | 49 | 48 | 54 694 
VI-c | 28 (12) 4 D | 168 | 38 | 23 | 125 330 
VI-d | 28 (12) 4 a | 165 | 31 | 19 | 134 267 








The values have been obtained on pooled samples of the lipide extracts and are 
referred to the whole liver of a 100 gm. rat. Total phospholipides = mg. of P X 221. 
Choline-containing phospholipides = mg. of choline X 6.7; non-choline-containing 
phospholipides = total minus the choline-containing phospholipides. Neutral 
fat (including unsaponifiable matter) = the weight of the chloroform extract minus 
the weight of the total phospholipides. 

See the explanations below Table I. 


trols (six analyses). If these findings are accepted as presumptive evi- 
dence that diethanolamine was actually incorporated into the phospho- 
lipide molecule, one might visualize the possible formation of a peculiar 
type of phospholipide in which 1 molecule of diethanolamine is combined 
with two radicals of phosphatidic acid instead of only one. In such 
hypothetical compounds the ratio of N to P to fatty acids would be 1:2:4 
instead of the corresponding values 1:1:2 in the natural lecithins and 
cephalins. To test this hypothesis, the liver phospholipides were purified 
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(10, 11) and their total nitrogen (micro-Kjeldahl (15)), phosphorus (6), 
and fatty acid (acidimetrically (16)) contents were determined. In 
three series of determinations, the average values for the ratios of N to 
P to fatty acids were 1:1.05:2.06 for the control rats and 1:1.10:2.16 
for the rats on diethanolamine-containing diets. It seems, therefore, 
that, if diethanolamine-containing phospholipides were actually present in 
the liver of the rats fed diethanolamine, in these atypical phospholipides 
(or at least in most of them) the nitrogenous component is linked to only 
one radical of phosphatidic acid, as in the natural cephalins. 


DISCUSSION 


Previous and present results show that a single massive dose of either 
ethanolamine or diethanolamine causes an increase in the formation of 
liver phospholipides and that with either compound the increase involves 
both the choline-containing and the non-choline-containing phospho- 
lipides. On the other hand, when diethanolamine is added to the diet 
and given for longer periods, a marked decrease in the isotopic concen- 
tration of the total phospholipides is observed. This effect is chiefly the 
result of a decrease in the formation of choline-containing phospholipides 
and is peculiar for the diethanolamine-fed groups, since it was not found 
in the rats on a diet supplemented with ethanolamine. 

The concentration of both choline-containing and non-choline-containing 
phospholipides in the liver is less in our control rats on low protein diets 
than it is in animals on stock diets (8), and, since the decrease is more 
marked in the former fraction, the proportion of choline-containing in total 
phospholipides is also decreased. Supplementation of the diets with 
ethanolamine did not cause an appreciable change in this picture. On the 
other hand, in the rats on diethanolamine-containing diets the values for 
the choline-containing fraction were similar to, or lower than, those in the 
controls, but there was a marked increase in the non-choline-containing 
phospholipides, so that the percentage of choline-containing in total phos- 
pholipides reached figures which are much lower than those found in rats 
on diets which were unsupplemented, or supplemented with the natural 
analogue. 

Presumptive evidence was obtained for the presence of notable amounts 
of diethanolamine in the phospholipides of the liver of rats fed this com- 
pound. It seems, therefore, that diethanolamine can replace its natural 
analogue in the cephalin molecule, just as arsenocholine (17), triethyl- 
choline (18), or sulfocholine (19) can substitute for choline as a component 
of the liver lecithins. 

Altogether our findings may suggest that diethanolamine is easily 
incorporated into the phospholipides of the liver, but that these atypical 
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phospholipides are metabolized at a slower rate than their natural ana. 
logues; therefore the prolonged administration of diethanolamine wil] 
lead to their accumulation in the liver. 

The marked inhibition of the formation of choline-containing phospho- 
lipides, observed in the rats on diethanolamine-containing diets, is g 
finding of considerable interest. The following hypothesis is offered as 
a possible explanation of the mechanism. In animals not receiving pre- 
formed choline, ethanolamine probably represents a precursor not only 
of cephalin but also of lecithin. The latter may be formed either indi- 
rectly, by methylation of free ethanolamine and subsequent introduction 
of the synthesized choline into the lecithin molecule, or directly, by meth- 
ylation of the ethanolamine moiety in cephalin.2? It seems likely that 
both processes would be impaired if, instead of the natural methyl accep- 
tor, diethanolamine only were available? Thus, diethanolamine would 
act as a metabolic antagonist of ethanolamine in the formation of both 
natural cephalins and lecithins. 


SUMMARY 


In the liver of rats maintained on low protein diets, injected with iso- 
topic phosphate, and killed 6 hours later, the administration of a single 
large dose of either diethanolamine or ethanolamine stimulated lipide 
phosphorylation. This effect is the result of an increased formation of 
both choline- and non-choline-containing phospholipides. On the other 
hand, in the liver of rats maintained for 7 or 12 days on similar diets, 
supplemented with diethanolamine, the isotope content of the total 
phospholipides was lower than in the controls. This decrease was chiefly 


? The assumption that cephalin is a major precursor in the formation of liver 
lecithin is not borne out by the finding that in the liver of normal rats (20) or dogs 
(21) the specific activity of the lecithin P is usually higher than that of the cephalin 
P. The possibility remains that the direct methylation of cephalin represents an 
accessory pathway for the formation of lecithin, and that this pathway might become 
more important in conditions in which the amount of available choline is reduced. 
In this respect it may be noted that in our previous (1) and present determinations 
on the liver of rats on choline-deficient diets we could not detect any significant or 
consistent difference between the specific activities of the P in the lecithin and 
cephalin fractions. 

3 Perhaps this effect cannot be ascribed solely to a competitive mass action be- 
tween the two substances, since an actual decrease in the isotopic values of the 
choline-containing fraction was not observed after administration of a single large 
dose of diethanolamine; that is, in a condition which should lead to the greatest 
concentration of this substance in the tissue. In this respect, one might possibly 
postulate that the prolonged administration of the ethanolamine analogue results in 
a progressive decrease in the formation of ethanolamine from its precursors (glycine? 


(22)). 
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due to an inhibition of the formation of choline-containing phospholipides, 
and was not observed in experiments in which the diets were supple- 
mented with ethanolamine. 

Analysis of the lipide fractions in the liver of the rats maintained on 
diethanolamine-containing diets showed a considerable increase in the 
total and non-choline-containing phospholipides, with a marked decrease 
in the per cent of the choline-containing fraction. Presumptive evi- 
dence was obtained for the presence of considerable amounts of dietha- 
nolamine in the liver phospholipides of rats fed the compound. It is 
postulated that these atypical phospholipides are less easily metabolized 
than their natural analogues, and therefore accumulate in the liver. A 
tentative interpretation of the mechanism by which the prolonged ad- 
ministration of diethanolamine leads to a marked inhibition in the forma- 
tion of choline-containing phospholipides is suggested. 
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It has been accepted generally that the liver is the chief site of formation 
of certain of the plasma proteins, notably prothrombin, fibrinogen, and 
serum albumin. ‘These proteins are reduced in the blood following liver 
damage or hepatectomy (1). On the other hand, evidence is available 
which suggests that reticulo-endothelial cells, other than those of the liver, 
may be the source of certain of the serum globulins (2, 3). 

The introduction of electrophoretic methods of analysis of protein solu- 
tions has contributed an additional tool for studying the source of blood 
proteins. By this means, a number of investigators have determined the 
relative concentrations of the plasma proteins in various pathological 
conditions and after certain experimental procedures (cf. (4, 5)). The 
results obtained, while contributing to knowledge of variations in plasma 
proteins, have not provided a definite answer to the question of their 
origin, since a correlation has not always been possible in the intact or- 
ganism between the changes observed and the activity of a particular or- 
gan or tissue. 

In the present investigation, an attempt has been made to study the rela- 
tive contribution by the liver and by the extrahepatic tissues to the forma- 
tion of the serum proteins. The changes in the electrophoretic pattern 
of rat serum have been followed after partial hepatectomy and abdominal 
evisceration. In addition, observations have been made of protein release 
by surviving rat liver tissue in vitro. The results provide further evidence 
that the formation of the plasma proteins involves the integrative func- 
tioning of the liver and the extrahepatic tissues. 


EXPERIMENTAL 
Release of Protein by Surviving Liver Tissue in Vitro 


During the course of studies on the release of antibody in vitro by tissue 
minces obtained from immunized rats and mice, it was noted that appre- 
ciable amounts of protein nitrogen were added to the serum medium (6). 


* Aided by a grant from the American Cancer Society on recommendation by the 
Committee on Growth of the National Research Council. 

t Present address, Department of Physiological Chemistry, School of Medicine, 
University of California at Los Angeles. 
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Liver, spleen, kidney, and lymphoid tissue minces from non-immunized 
rats were also observed to release protein nitrogen when incubated in freg), 
rat serum under similar conditions. These surviving tissues retained their 
functional and histological integrity during a 3 hour incubation period jp 
Warburg-type flasks, through which was passed a constant stream of 95 
per cent oxygen-5 per cent carbon dioxide. 

In the present study, liver tissue was obtained from adult, male Sprague. 
Dawley rats, killed by exsanguination from the abdominal aorta. Minees 
were prepared with the aid of a razor blade and then transferred immedi- 
ately to flasks containing serum collected from the same animals supplying 
the tissue. In all of the experiments, 200 mg. of tissue mince were incu. 
™ bated in 2.0 ml. of serum at 38.5°. After incubation, the medium was cen. 
trifuged at 3000 r.p.m. for 5 minutes to remove the tissue. Total and non- 
protein nitrogen analyses were conducted on the serum medium before and 
after incubation, by a modification of the semimicro-Kjeldah] procedure 
described by Sobel, Yuska, and Cohen (7). Non-protein nitrogen deter. 
minations were performed after precipitation of the serum proteins with a 
volume of 20 per cent trichloroacetic acid equal to that of the serum sample, 
Total serum protein was calculated by multiplying the protein nitrogen 
(total nitrogen minus non-protein nitrogen) by 6.25; although this con- 
version factor does not necessarily give the true value for the protein con- 
tent of the serum, it is useful in comparative studies. 

Electrophoretic analysis of the serum medium was also conducted in 
each instance, prior to and following incubation. 3 ml. aliquots of the 
serum, pooled from two incubation flasks, were diluted with 7.5 ml. of 0.1™ 
sodium diethyl barbiturate buffer (pH 8.6) and dialyzed against two changes 
of this buffer for 2 to 3 days in the refrigerator. All electrophoretic studies 
were conducted at a temperature of 4°, with a constant current of approxi- 
mately 15 ma. passing through the cell. The electric mobilities and per- 
centage distribution of the protein components in serum obtained from 
seven control Sprague-Dawley rats, maintained on a diet of Purina lab- 
oratory chow, are shown in Table I. These data are similar to those re- 
ported by Moore et al. (8) for Long-Evans rats, and servedasa base-line for 
most of the studies reported below. 

The release of nitrogen to the serum medium during incubation of liver 
mince for 3 hours is depicted in Fig. 1. It is apparent that the greatest 
addition of protein nitrogen and of non-protein nitrogen occurred during 
the first half hour. Similar results have been obtained by Kline and Wil- 
helmi,' who studied the release of nitrogen by liver slices incubated in arti- 
ficial media under an atmosphere of oxygen or nitrogen. 

Electrophoretic examination of the serum medium before and after il- 


1 Kline, D. L., and Wilhelmi, A. E., personal communication. 
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cubation with liver mince for 3 hours led to the somewhat surprising ob- 








“) 
; servation that the protein released was in large part a component possess- 
. TaBie | 
: Electrophoretic Analysis of Serum from Adult, Male, Sprague-Dawley Rats* 

Caaenenané Electric | Percentage Gm. per 100 ml. 

_ re mobilityt composition of serumt 

e. | nt casas eiijaasl 
es | Albumin ! | 6.6 | 504+ 2.0 | 2.96 + 0.25 
i. | aGlobulin 5.1 | 192409 | 1.13 40.11 
yg | axGlobulin / 8.6 | 7.242.2 | 0.42 4 0.12 
© | ¢-Globulin } 2.1 | 14642.1 | 0.8640.11 
| Globulin | 1.8 | 8642.4 | 0.51 + 0.25 
n- a | Eee ee os a ee LE 
n- | *The results are expressed as the mean + the standard deviation, wherever 


| indicated, calculated from determinations on seven animals. 
| ¢1 X 10° volt per cm? per second. 
t Total serum protein = 5.88 + 0.11 gm. per 100 ml. 
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Fic. 1. The rate of release of nitrogen during incubation of surviving rat liver in 
ver tat serum. Each point represents the average amount of nitrogen released to the 
wat | medium in three separate experiments. Portions of liver mince, weighing 200 mg., 
US . . F : ° - -_ 
: were incubated in 2.0 ml. of serum for periods varying from } to 3 hours. Nitrogen 
Ing ° . . . . 
mb analyses of the medium before and after incubation permitted calculation of the re- 
Nil- lease of total nitrogen (X), protein nitrogen (©), and non-protein nitrogen (@). 
rti- 


| ing an electric mobility between that of serum q-globulin and a»-globulin. 
in- | This 4s illustrated in Fig. 2, in which the electrophoretic pattern of normal 
tat serum before incubation (A) is compared with that of the same serum 
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after incubation for 3 hours with rat liver mince (B). Calculation of the 
percentage distribution of the serum proteins in this typical experiment 
yielded the results shown in Table II. The major quantity of the added 
protein is included under the designation “o,-globulin,”’ since the limited 
separation of the proteins in this portion of the electrophoretic patter 
did not permit satisfactory separate estimation. A marked decrease in w. 


ba 
a 


ASCENDING 


—- \ 


DESCENDING 
Fig. 2. Electrophoretic characterization of the protein released by liver tissue in 
vitro. Electrophoretic tracings are shown of rat serum before (A) and after (B) in 
cubation with liver mince for 3 hours. 


TaBLe II 
Incubation of Rat Liver in n Serum (Experiment 5)* 





Percentage composition Gm. per 100 ml. of serum 
Component 
anes _ Post- _ Ere. _ Post- Chassis 
| incubation | incubation | incubation | incubation 

Albumin... 51.8 38.7 2.90 2.49 —0.41 
“v:-Globulin’’ 19.2 30.8 1.08 1.98 1-0) ,90 
a2-Globulin 7.2 7.6 0.40 0.49 +0.04 
8-Globulin 15.9 16.8 0.90 1.08 +0.18 
y-Globulin 5.9 6.1 0.33 0.39 +0.06 
ce 5.61 6.43 +(.82 


* Incubation of 200 mg. of liver mince in 2.0 ml. of rat serum for 3 hours 


rum albumin appeared to accompany the increase in the “a-globulin’ 
fraction of serum incubated with surviving liver tissue. 

A composite picture of the results obtained in five incubations unde! 
an atmosphere of 95 per cent oxygen-5 per cent carbon dioxide, and in 
one incubation under an atmosphere of 100 per cent nitrogen, is given il 
Table III. It may be seen that the rate of release of liver “a,-globulin’” in 
oxygen varied somewhat from experiment to experiment, but was of the 
order of magnitude of 15 to 30 mg. per gm. of liver per hour over the 
3 hour period. As has been indicated, however, about two-thirds of this 
protein was apparently liberated in the first half hour of incubation (Fig. 1) 
A decrease in serum albumin was noted in all experiments. Little or n0 
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change occurred in globulin fractions other than “a:-globulin.” Incuba- 
tion of serum alone under the same conditions produced no alteration 
in the serum protein pattern. Incubation of liver tissue under a nitrogen 
atmosphere caused changes in the serum medium which were qualita- 
tively similar to those observed when the oxygen-carbon dioxide gas mix- 
ture was employed, but were quantitatively about 3-fold greater (Table 
III). The increased release of tissue nitrogen during incubation in a 
nitrogen atmosphere has been observed earlier by Bernheim and Bern- 
heim (9) for surviving liver and kidney slices. In the present instance, 
it is interesting to note that in the nitrogen atmosphere there was also 
an exaggerated loss of albumin, suggesting that the processes involved in 


TaBce III 
Release of Protein to » Serum Medium during Incubation of Surviving Rat Liver* 

















Component ment | aes | aeees | ment Dame's | mente | Exper 
| | ents 1-5 
Albumin... . . | —2.3 | —4.7 | —2.0 |—17.3 |—13.7 |-29.8| —8.0 
“w-Globulin”’. . . 16.3 | 18.1} 20.7) 25. : 30.0; 59.3] 22.2 
ay-Globulin. . rae : 2.1 | —0.8 —2.0 4.3 2.0 1.6 re 
8-Globulin..... 0 | 3.0) -0.3) -0.3) 6.0) 7.2 1.7 
y-Globulin....... oe | 0.8} 1.1) -0.7} 0.3] 2.0) -16] 0.4 
ern | SS -|——— | - 
Total protein. . errs mee | 15.7; 12.0) 27.3! 36.7| 17.4 








* Expressed as mg. sal proteins added to the serum per gm. of liv er per + hour and 
representing the average value during a 3 hour incubation period. 

t All incubations were conducted under an atmosphere of 95 per cent O2-5 per cent 
CO,, except Experiment 6, in which an atmosphere of 100 per cent Nz was employed. 


the loss of albumin and gain of “a,-globulin’”’ occurred under anaerobic, as 
well as aerobic, conditions and might be causally related. 


Changes in Serum Proteins after Partial Hepatectomy 


Partial hepatectomy was performed (10) on adult, male Sprague- 
Dawley rats. Immediately after operation, a blood sample was taken 
from the tail of each rat for analysis of serum total and non-protein nitro- 
gen; these data served as the control values for assessing changes in total 
serum protein. The animals were then placed in individual cages and per- 
mitted to feed ad libitum on Purina laboratory chow, with free access to 
drinking water. At periods of time varying from 0 to 48 hours after 
operation, the rats were sacrificed in pairs by exsanguination from the 
abdominal aorta. Pooled sera from two animals were used for nitrogen 
determinations and electrophoretic analysis. 
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In Fig. 3 the electrophoretic pattern of the serum pooled from two rats 
immediately after partial hepatectomy (A) is compared with the patterns 
observed in similar samples taken from separate pairs of partially hepa- 
tectomized animals at intervals of 6 hours (B), 12 hours (C), 16 hows 
(D), 24 hours (£), and 48 hours (F) after operation. It will be noted that 
all of the serum proteins exhibited decreases within the 48 hour experi 
mental period after partial hepatectomy. Fig. 4 reveals that the earliest 
and most extensive postoperative alteration in serum proteins was 4 
decrease in the a;-globulin fraction, which at 12 hours after partial hepatee- 
tomy had declined to approximately one-half its normal value. By 
16 hours, at a time corresponding to the onset of active liver regeneration 
(11), the a,-globulin fraction had begun to return to the preoperative 
value. The other serum globulins declined slowly for 24 hours, and 
then began to return to the normal level, which was reached, in most in- 
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stances, by the end of the 48 hour experimental period. The alterations 
in serum albumin were correlated inversely with those in a;-globulin; al- 
bumin values showed an early rise, followed by a later and prolonged fall. 

The decline in total serum protein following partial removal of the liver 
was maximal about 24 hours after operation, and amounted to 1.20 gm 
per 100 ml. This represents a decrease of approximately 20 per cent beloy 
normal values (cf. Table I). It may be noted that control rats fasted for ! 
to 2 days showed no significant changes in serum proteins. This is ol 
importance inasmuch as the rat ingests very little food during the initial 
12 to 18 hour period following partial hepatectomy (cf. (11)). 

The serial alterations in serum proteins described above apparently 
were not due to hemodilution or hemoconcentration. Hemoglobin deter- 
minations conducted on aliquots of whole blood samples over the 2 day 
period following partial removal of the liver revealed no significant changes. 
Moreover, alterations in blood volume or blood concentration could no! 
explain the serum protein data which were obtained, since the trends in 
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Changes in Serum Proteins after Abdominal Evisceration 


in order to assess the possible influence of liver regeneration on the 
serum protein alterations observed in the previous experiments, experi. 
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ments were performed in which the liver of the rat was removed com- 
pletely. In this operation (12), the gut and its associated structures were 
also removed, so that any effects noted must be related to the absence of 
these tissues, as well as of the liver. All animals were fasted 24 to 48 
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hours prior to evisceration, since this lengthens their postoperative life 
span (13). As noted above, this period of fasting had no demonstrable 
effect on serum protein levels. 

Figs. 5 and 6 illustrate the results obtained by analyses at varying 
intervals after evisceration. Fig. 5 depicts the electrophoretic pattern 
observed in serum pooled from two rats immediately after operation (A), 
and 10 hours (B), 18 hours (C), and 24 hours (D) later. The changes in 
the concentrations of the various serum proteins are shown in Fig. 6. 

The maximal decline in total serum proteins was observed 23 hours 
after evisceration and amounted to approximately 35 per cent of normal. 
Beyond this time, those animals which survived were too moribund to 
provide sufficient blood for electrophoretic characterization. It is note- 
worthy that the decrease in serum proteins in the eviscerated rat was due 
almost entirely to an immediate and profound fall in serum albumin. The 
results presented in Fig. 6 are corrected for the hemoconcentration which 
occurred; this reached a value of 15.7 per cent above normal at the end 
of the 23 hour experimental period. Protein nitrogen could not be de- 
tected in the bladder urine, indicating no significant loss of albumin through 
the kidney. 


DISCUSSION 

The extensive work of Whipple and his associates has implicated the 
liver as the principal source of the blood proteins (cf. (1, 14)). These 
investigators have suggested that a major portion of the protein syn- 
thesized in the body is formed in this organ (presumably from amino 
acids), liberated to the blood as plasma proteins, and utilized by other 
tissues for the formation of their specific cell proteins. However, Tarver 
and Reinhardt (15) demonstrated that, in the hepatectomized dog, radio- 
active sulfur (administered intravenously as methionine) was incorporated 
at anormal rate into the proteins of all tissues examined except the blood. 

The observation by Munro and Avery (16) that all of the plasma pro- 
teins declined after hepatectomy in the dog would seem to point to the 
liver as the source of the blood globulins as well as albumin. Several 
lines of investigation, however, suggest that hepatic tissue is concerned 
more specifically with the formation of plasma albumin than of globulin. 
Thus, in severe protein depletion (1, 17, 18), and after partial removal of 
the liver in the rat ((19) and present study), plasma albumin values have 
been shown to undergo a marked and prolonged reduction. Under similar 
circumstances, certain of the blood globulins may even be elevated (17, 
19, 20). In addition, the reticuloendothelium has long been implicated 
in the formation of antibody globulin; this evidence has been reviewed 
recently by Wilson and Miles (21). The increased plasma globulin con- 
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centrations seen frequently in multiple myeloma (cf. (4, 5)) also suggest 
that blood protein may be derived from extrahepatic tissues. Recent 
work has indicated that the lymphoid structures may be an important 
source of normal and immune y-globulin (8, 22-24), and perhaps, of 8. 
globulin as well (3, 25). 

In the data of Tarver and Reinhardt (15), the rate of incorporation of 
labeled sulfur into blood globulin in the hepatectomized dog was one- 
seventh that of control animals; for albumin, this figure was only one. 
twentieth the control value. In the present investigation, the profound 
drop in serum albumin after abdominal evisceration, notwithstanding 
minimal changes in the globulins, would also appear to favor the hypothe- 
sis that the formation of serum albumin is more dependent on the presence 
of an intact liver than is the synthesis of serum globulin. The constancy 
of the serum globulin levels in the eviscerated rat supports the concept 
of an extrahepatic origin of a significant portion of the blood globulins, 
However, an alternative explanation for these data could be based on a 
preferential utilization of albumin by the peripheral tissues, accompanied 
by a cessation of removal of globulin from the blood. 

The liberation of “o,-globulin” from liver mince in vitro, correlated with 
a disappearance of albumin from the serum medium, may represent a 
phenomenon of physiological importance. Thus, it may be noted that 
the levels of a:-globulin and albumin exhibited an inverse correlation in 
the partially hepatectomized rat, one falling while the other rose, and 
vice versa. Moreover, a number of investigators (cf. (26-28)) have 
directed attention to the fact that conditions which result in a depression 
in serum albumin (e.g., protein depletion, tissue injury, infection, ete.) 
are frequently accompanied by a rise in the a-globulin peak in the electro- 
phoretic patterns of plasma in all species of animals examined. In certain 
instances (29, 30), part of this apparent increase in protein may be due 
to a lipemic response to the stress, in which a significant portion of the 
increased plasma lipide forms a lipoprotein complex with a-globulin. It 
would appear likely, then, that a-globulin may represent a protein readily 
released to the blood by the liver in response to many different types of 
stress or tissue injury. This conclusion is substantiated by the fact that 
increases in a-globulin in the blood do not accompany the depression in 
albumin observed in animals completely deprived of their livers; 7.¢., hepa- 
tectomy in the dog (16) and evisceration in the rat (present study). 
Moreover, the correlation between the onset in liver regeneration and the 
return of a-globulin to normal levels in the partially hepatectomized rat 
is further evidence for the hepatic origin of this protein. 

The present study suggests either that albumin may have been the 
source of part of the “a-globulin” liberated by the liver, or provided en- 
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ergy for “o;-globulin” formation. A further explanation for the decrease in 
albumin is provided by the observation, made in the course of these studies, 
that large amounts of glucose were added to the incubation medium 
in the in vitro experiments. This occurred even though the liver was 
obtained from animals fasted 24 hours and was therefore depleted of 
glycogen. In one experiment, the liver mince added 12.25 mg. of glu- 
cose per gm. of liver per hour to the incubation medium, indicating that 
this glucose was derived from non-carbohydrate sources (cf. also Shipley 
(31)). Since in these experiments there was an actual increase in the 
amino acid content of the serum, the data may reflect the capacity of 
the liver to effect gluconeogenesis from serum albumin in vitro. 

























SUMMARY 


Incubation of surviving liver mince in rat serum, under an atmosphere 
of 95 per cent oxygen-5 per cent carbon dioxide, resulted in the libera- 
tion of large amounts of a protein migrating with an electric mobility 
approximating that of a-globulin. The amount of this protein liberated 
during a 3 hour incubation period varied from 15 to 30 mg. per gm. of 
tissue per hour. The major portion of the protein was apparently re- 
leased during the first half hour of incubation. An increased rate of 
liberation of “a,-globulin’”’ occurred when a nitrogen atmosphere was em- 
ployed during the incubation period. In all experiments, the release of 
“a-globulin” was accompanied by a disappearance of albumin from the 
serum medium. 

Alterations in serum proteins have been examined in the rat after 
partial hepatectomy and abdominal evisceration. The value for total 
serum protein was maximally depressed approximately 24 hours after 
partial hepatectomy; it decreased 1.2 gm. per 100 ml. of serum. Elec- 
trophoretic examination revealed that the earliest protein decrease oc- 
curred in the a-globulin fraction, followed by later declines in albumin 
and in the other serum globulins. Approximately 16 hours after partial 
hepatectomy, the globulins, and especially a:-globulin, began a rapid 
return to normal levels. Albumin levels, however, remained low over 
the 48 hour experimental period. Following abdominal evisceration in 
the rat, the serum protein level decreased rapidly over the entire 23 hour 
period of observation. The decline for this period was of the order of 
2.0 gm. per 100 ml. of serum. Electrophoretic analysis showed the total 
protein decrease to be due almost entirely to a lowering of the serum al- 
bumin value. 

The data suggest that the formation of serum albumin and -globulin 
occurs largely in the liver, whereas the synthesis of other serum globulins 
can be accomplished by extrahepatic tissues. 
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THE SUBSTRATE SPECIFICITY AND SEDIMENTATION 
BEHAVIOR OF 6-CHYMOTRYPSIN 
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In 1947 Jacobsen (1) reported that, when chymotrypsinogen is activated 
at O° by a much larger amount of trypsin than was specified by Kunitz 
and Northrop (2) for the preparation of a-chymotrypsin, the resultant 
solution has a specific activity about 50 per cent greater than that of 
crystalline a-chymotrypsin. From a kinetic analysis of the activation 
process, Jacobsen concluded that tryptic hydrolysis of one peptide bond 
per chymotrypsinogen molecule yields z-chymotrypsin, a hitherto un- 
known protease, having a specific activity 2 to 2.5 times that of a-chymo- 
trypsin. It was further concluded that #-chymotrypsin is destroyed by 
two competitive reactions: (a) the tryptic hydrolysis of one peptide bond 
per molecule to yield a second new enzyme, 6-chymotrypsin, with an ac- 
tivity about 1.5 times that of a-chymotrypsin, and (b) autolytic or spon- 
taneous hydrolysis of three peptide bonds per x-chymotrypsin molecule 
to yield a-chymotrypsin. m-Chymotrypsin is so unstable that the maxi- 
mum measurable activity obtained by the rapid activation of chymo- 
trypsinogen is the specific activity of 6-chymotrypsin. 

As a logical consequence to studies of the kinetics of the hydrolysis of 
specific esters and amides by a-chymotrypsin (3) and of the sedimentation 
rates of chymotrypsinogen, a-chymotrypsin, and y-chymotrypsin (4), 
the present paper extends these investigations to 6-chymotrypsin. 


EXPERIMENTAL 


§-Chymotrypsin—1.1 gm. of lyophilized, essentially salt-free, chymo- 
trypsinogen! (prepared from chymotrypsinogen recrystallized eight times) 
were dissolved in 50 ml. of water. A small trace of insoluble material was 
filtered off and the pH of the solution was adjusted to 7.3 with 0.1 N NaOH. 
The solution was placed in a refrigerated bath at 0°. After 20 minutes 
70 mg. of crystalline trypsin (containing approximately 50 per cent MgSO,) 
were added. According to Jacobsen (1) maximum activity should be 
attained in 1 to 2 hours under these conditions. 

Samples were withdrawn after 30, 67, and 91 minutes and the activity 

* Postdoctoral Fellow of the United States Public Health Service. 

‘The moisture content of this material was 5.6 per cent. 
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against a constant concentration of acetyl-L-tyrosine ethyl ester wag 
determined. Constant values corresponding to about twice the activity 
of a-chymotrypsin were obtained with all of these samples. j 

After a total of 98 minutes the pH of the activation solution was rapid); 
adjusted to pH 4.2 with 2 nN H.SQ, and the solution was shell-frozen and 
lyophilized. The dry protein was stored at —20°. Over a period of 
about 2 months no change in the activity of this preparation was observed. 

Substrates—The preparation of the substrates used in this study has 
been described elsewhere (3, 5). 

Methods—The methods used for determining amidase and esterase 
activity have been described (6) as have the procedures used in the ultra- 
centrifugal study (4). 

Enzyme concentrations for the enzymatic studies were determined by 
the semimicro-Kjeldahl method. Apparently the chymotrypsinogen 
from which the 6-chymotrypsin was prepared still contained a small 
amount of ammonium salts, since the blanks in the Conway method for 
the amide substrate were uniformly high and varied with enzyme concen- 
tration. These blanks, corrected for the ammonia content of the other 
reagents, were used to correct the Kjeldahl] analyses. Correction was 
made for the small amount of nitrogen contributed by the trypsin used in 
the activation. 

The protein concentrations for the sedimentation analyses were deter- 
mined by the method of Kunitz (7) with the Beckman spectrophotometer. 
No attempt was made to establish a calibration curve for the rather poorly 
characterized 6-chymotrypsin. Protein concentrations were read from 
the calibration curve for a-chymotrypsin. This procedure should result 
in little or no error, since the amino acid content of the two chymotrypsins 
is probably identical (1, 8). 


Results 
Kinetic Studies 


Acetyl-pu-tryptophan Ethyl Ester (ATrEE) and Acetyl-i-tyrosine Ethyl 
Ester (ATEE)—The hydrolysis of these substrates was studied in 30 per 
cent methanol as a function of substrate concentration. Initial substrate 
concentrations were determined as previously described (3). The reac- 
tions follow apparent first order kinetics. For ATrEE with 6-chymo- 
trypsin, as with a-chymotrypsin, hydrolysis proceeds to 50 per cent of 
completion with respect to the concentration of the racemate. In ac- 
cordance with previous studies on the antipodal specificity of chymotryp- 
sin, it may be assumed that only the x form of the substrate was hydrolyzec. 

K,, was determined from the plot of the Lineweaver-Burk equation (9), 
a/v = Km/Viex. + &/Viex., Where a is the substrate concentration and » 
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TaBLe I 


Comparative Kinetic Constants for Hydrolysis of ATA, ATrEE, and ATEE 
by a-Chymotrypsin and 6-Chymotrypsin* 














Enzyme Substrate Km k’t Cmax-t 
uw X 108 x 108 x 102 
a-Chymotrypsin ATA 27 3.0 4.8 
ATrEE 1.7 320 8,300 
ATEE 32 2600 3, 600 
6-Chymotrypsin ATA 2.0 4.5 96 
ATrEE 0.36 400 49 , 000 
ATEE 16 2900 7,700 


* The kinetic constants for the hydrolysis of these substrates by chymotrypsin 
differ slightly from those previously reported (3, 5). The value of v used in the 
Lineweaver-Burk equation (9) must be determined at a time interval small enough 
so that deviations from linearity in the course of the reaction are negligible compared 
to the error of the experimental measurements. The values previously reported 
were calculated with v% mio. for ATEE and u mio. for ATrEE and ATA. Initial 
reaction velocities for the data shown in Table I were obtained by plotting the 
experimental data according to any function which gave a straight line over most 
of the reaction course (see the text), and from this function the slope of the reaction 
curve at zero time was calculated. These values are believed to represent a better 
approximation of the kinetic constants than do those previously reported. 

t k’ is the rate of the slowest step between the formation of the enzyme-substrate 
complex and the subsequent appearance of free enzyme and reaction products. 
It has the dimensions, moles hydrolyzed per liter per minute per mg. of enzyme 
N per ml. 

tCmax. = k’/2.3K, and is the maximum proteolytic coefficient, assuming ad- 
herence of the reaction to first order kinetics (10). 


TaBLeE II 
Sedimentation Analyses of 6-Chymotrypsin 
The symbols used are those defined by Svedberg and Pedersen (11). 


Concentration of 


pH* | protein | Temperature 59 | St, wt 
| mg. per ml Svedberg units °C. Svedberg units Svedberg units 
3.86 0.94 2.76 25.2 2.44 2.54 
3.86 4.10 2.89 25.2 2.55 2.68 
3.86 8.31 2.76 24.2 2.49 2.60 
4.99 2.03 2.84 25.3 2.50 2.62 
4.99 15.4 3.01 25.7 2.64 2.74 
6.20 3.90 2.96 25.9 2.58 2.66 
6.20 11.4 3.2] 25.9 2.78 2.88 


* All buffers had an ionie strength of 0.20 and contained 0.18 m NaCl. Acetate 
buffers were used for pH 3.86 and 4.99 and phosphate for pH 6.20. 

t The partial specific volume was taken as 0.73, the value found for chymo 
trypsinogen. 
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is the rate of decomposition. 4’ was determined as described previously 
(10).2. The results of these calculations are shown in Table I. , 

Acetyl-L-tyrosinamide (AT A)—The hydrolysis of this substrate was 
studied in aqueous solution at varying initial substrate concentrations. 
Kinetic constants were calculated by the methods used for ATrEP. 

Although the hydrolysis of ATA by a-chymotrypsin follows apparent 
first order reaction kinetics, it was found that with 6-chymotrypsin the 
rate decreased more rapidly than is required by first order kinetics. The 
expected increase in initial slope of the first order plot with decreasing 
substrate concentration was observed, but the deviation from linearity 
of this plot also increased with decreasing substrate concentration. 

When 1/z was plotted against 1/¢t when x = moles of substrate per liter 
hydrolyzed in time ¢, straight lines were obtained, and from these lines 
calculation of the value of dx/dt at zero time was possible. 

The results of these calculations together with comparable data for a- 
chymotrypsin are shown in Table I. 

The stability of 6-chymotrypsin in acid solution was determined by 
allowing a solution containing 3 mg. of protein in 100 ml. of 0.004 n HC 
to stand at refrigerator temperature. Four samples withdrawn 11, 168, 
328, and 1368 minutes after the solution was made up showed identical 
activity against acetyl-L-tyrosine ester. 


Determination of Sedimentation Constant 


The results of the sedimentation analyses on 6-chymotrypsin, made in 
the electrically driven ultracentrifuge (Specialized Instruments Corpora- 
tion), are shown in Table II. At the three pH values used for these 
determinations, all boundaries were highly symmetrical. In no case was 
any trace of a second component observed. 


DISCUSSION 


In a comparative study of this kind, in which enzymes having the same 
origin and specificity but different activities are studied, four results seem 
possible. 

(a) 6-Chymotrypsin has more active centers per molecule than does 
a-chymotrypsin, but the properties of each active center are identical in 
both enzymes. In this case K,, should be essentially unchanged and k’ 
should be greater for 5- than for a-chymotrypsin. This will be true, 
since K,, is independent of enzyme concentration, while k’ is a function of 
enzyme concentration. ; 

(b) Similar kinetic results would be found if the number of active 


2 Defined in note to Table I. 
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centers was the same for both enzymes, but the enzyme-substrate activa- 
tion process proceeded at a higher rate for 6- than for a-chymotrypsin. 
In this case, however, since K,, = (k: + k’)/k:, where k; is the velocity 
constant for the formation of the enzyme-substrate complex from free 
enzyme and substrate, ‘2 is the constant for the dissociation of this com- 
plex, and k’ is the rate of activation of the enzyme-substrate complex, 
K,, would be expected to exhibit some increase due to the increase in k’. 

(c) The rate of activation is identical for both enzymes but the affinity 
of chymotrypsin for the substrates is much higher than that of a-chymo- 
trypsin. In this case K,, should decrease and k’ should be constant. 

(d) The enzymatically active centers are so modified in 6-chymotrypsin 
that both enzyme-substrate affinity and activation rate are increased over 
the corresponding values for a-chymotrypsin. 

The data shown in Table I seem to support case (d). Both the enzyme- 
substrate affinity and the rate of activation of the enzyme-substrate com- 
plex are greater for 6- than for a-chymotrypsin. However, it appears 
that the increased over-all reaction rate observed with 6-chymotrypsin 
depends much more upon the large change in K,, than on the relatively 
small change in k’. In this connection it is of interest that the smaller 
the value of k’ for a substrate hydrolyzed by a-chymotrypsin, the greater 
is the increase in k’ when this substrate is hydrolyzed by 6-chymotrypsin. 
With ATEE, the most reactive known substrate of chymotrypsin, k’ is 
essentially constant for both enzymes. This suggests that, when this 
rate of activation has been attained, there is some other limiting process 
than the activation per se. This limiting step could be the rate of entry 
of water into the reaction or the rate of desorption of the reaction products 
from the enzyme surface. 

Although it has been shown for a-chymotrypsin that k’ is independent 
of methanol concentration and that K,, increases with methanol concen- 
tration (12), it is possible that the effect of methanol on K,, differs for the 
two chymotrypsins.* In any case it appears that the active centers on 
the 6-chymotrypsin molecule differ from those on the a-chymotrypsin 
molecule. If this formulation of the hydrolytic process is correct, the 
concept of homospecificity of enzymes, proposed by Irving, Fruton, and 
Bergmann (13) must be regarded only as a ‘first approximation. This 
view-point has been previously expressed (3, 10). 

Other conclusions which can be drawn from the kinetic data are as 
follows: 


1, The two enzymes presumably have the same optical specificity, 


* If the effect of methanol on the chymotryptic hydrolysis of ATA is the same for 
both enzymes (12), k’s/k’. = 1.5, whereas k,,/k1, = 20 (cf. Table I). 
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since the hydrolysis of acetyl-pL-tryptophan ethyl ester proceeds to 50 
per cent of completion with each enzyme, while each hydrolyzes acetyl.- 
tyrosinamide and acetyl-L-tyrosine ethy] ester completely. 

2. The structural specificity of the two enzymes is qualitatively the 
same toward amide and ester substrates. 

3. The observed deviations of the 6-chymotrypsin-ATA system from 
first order reaction kinetics suggest that 6-chymotrypsin is highly unstable 
in the pH range in which it is enzymatically active at 25°. The protective 
action of the substrate seems to account for the smaller deviations ob- 
served at higher substrate concentrations. This lack of stability was not 
observed in the determination of esterase activity, probably because the 
esterase activity determinations were carried out over a period of 10 to 15 
minutes, while the amidase activity determinations were carried out over 
a 70 minute period. Inasmuch as the activity of the enzyme preparation 
was found to remain constant for an hour at 0° and pH 7.3 during the 
activation process, it appears that the temperature coefficient for the 
inactivation of 5-chymotrypsin must be large. 

The sedimentation studies in the ultracentrifuge indicate that 5-chymo- 
trypsin is intermediate in its behavior between chymotrypsinogen and 
a-chymotrypsin. Chymotrypsinogen shows, within the limits of error 
of the measurements, “normal” behavior, 7.e., 82, decreases slightly 
with increasing protein concentration. a-Chymotrypsin, on the other 
hand, exhibits a marked increase in sx,» as protein concentration is in- 
creased in the concentration range below 1 per cent. 6-Chymotrypsin 
shows a small increase in 82, .. with increasing protein concentration, but, 
from the four points representing the lowest protein concentrations, the 
extrapolation to zero concentration seems reasonably clear. 829, », ex 
trapolated to zero protein concentration, is 2.5 (2.53) Svedberg units. 
The value for chymotrypsinogen was found to be 2.7 Svedberg units, 
while that for chymotrypsin seems to be about 2.5 Svedberg units (4). 


This work has been supported by grants from the Rockefeller Founda- 
tion and from the United States Public Health Service, National Insti- 
tutes of Health. 


SUMMARY 


The kinetics of the hydrolysis of acetyl--tyrosinamide, acety]-L-tyrosine 
ethyl ester, and acetyl-pL-tryptophan ethyl ester by 6-chymotrypsin was 
studied and compared to the kinetics of the hydrolysis of these substrates 
by a-chymotrypsin. Both enzyme-substrate affinity and activation rate 
are greater with 6-chymotrypsin than with a-chymotrypsin. 
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The sedimentation constant of 6-chymotrypsin, extrapolated to zero 
otein concentration, was found to be 2.5 Svedberg units. 
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OXYBIOTIN DERIVATIVES AS BIOTIN AND OXYBIOTIN 
ANTAGONISTS* 


By A. E. AXELROD ann KLAUS HOFMANN 


(From the Department of Chemistry, University of Pittsburgh, and the Institute of 
Pathology, Western Pennsylvania Hospital, Pittsburgh) 


(Received for publication, April 8, 1949) 


Biotin antagonists have been investigated in this laboratory both 
from the standpoint of their potential chemotherapeutic value and their 
application to studies of biotin metabolism. The synthesis of a number 
of oxybiotin derivatives (1-3) and their use in studies relating to the 
enzymatic function of biotin (4) have been reported. The present paper 
describes in detail the effects of these compounds upon the growth of 
several microorganisms. 

Oxybiotin, rather than biotin, derivatives were used, since oxybiotin 
was found to possess biotin-like activity (5, 6) and the preparation of such 
compounds had already been well developed by us. 


Preparation of Compounds 


Compounds I to XVI (Table I) were prepared as described in previous 
communications (1-3). cis-3,4-Diamino-2-tetrahydrofuraneaproic acid 
sulfate (Compound XVII) was prepared from dl-homooxybiotin (Com- 
pound IV) by barium hydroxide hydrolysis (7). The salt was purified 
by erystallization from aqueous methanol and melted at 225-227°. 

CioH»O7N-2S. Calculated. C 38.21, H 7.05, N 8.91, S 12.84 
Found. Gate tel, °° Sita, las 

Saccharomyces cerevisiae, 139,' Lactobacillus arabinosus, 17-5,' Strepto- 
coccus hemolyticus, Lancefield group C, mucoid, Stoddard strain (8), 
Escherichia coli, 9723,' and Staphylococcus aureus, 6538,! were employed as 
the test organisms. 


Culture Methods 


S. cerevisiae—The stock culture was kept at 30° on Difco wort agar 
slants. To prepare an inoculum, the organisms were removed from a 
24 hour slant and suspended in normal saline. 0.1 cc. of this suspension 
(containing 0.01 mg. of dry veast) was used to inoculate 10 ce. of the Snell, 


* Supported in part by grants from Ciba Pharmaceutical Products, Inc., and the 
American Cancer Society, recommended by the Committee on Growth of the Na- 
tional Research Council. 

‘Obtained from the American Type Culture Collection. 
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Eakin, and Williams medium (9) as modified by Hertz (10). The or. 
ganisms were grown in 50 cc. Erlenmeyer flasks for 24 hours at 30°. 

L. arabinosus—The stock culture was carried at 30° in agar stabs com. 
posed of the “‘synthetic’’ medium,? plus 0.1 per cent each of liver extract 
(Wilson, 1:20) and Difco yeast extract. To prepare an inoculum, the 
organisms from a stab were grown for 24 hours in 10 cc. of the synthetic 
medium plus 0.01 per cent of liver extract (Wilson, 1:20) and 0.05 per 
cent of Difco yeast extract. The resulting organisms were washed jn 
normal saline and resuspended in 10 cc. of saline. 0.03 cc. of a 1:25 dilu- 
tion in saline of this suspension was used to inoculate 10 cc. of the synthetic 
medium. <A growth period of 72 hours at 30° was employed. 

S. hemolyticus—As a stock culture, this organism was carried at 37° 
in semisolid veal heart infusion agar (0.2 per cent) containing 5 per cent 
defibrinated rabbit blood. The pH of this medium was adjusted to 7.6, 
The culture has been passed through mice at frequent intervals in order 
to maintain its virulence (minimum lethal dose for white mice two to six 
organisms). A 24 hour stock culture was plated on blood agar and in- 
cubated 24 hours at 37°. 5 cc. of the synthetic medium* were inoculated 
with the organisms from one colony. After incubation at 37° for 24 hours, 
the cells were washed with normal saline and resuspended in 5 cc. of saline. 
0.03 cc. of this suspension was used to inoculate 5 cc. of the synthetic 
medium. A growth period of 24 hours at 37° was employed. 

E. coli—The stock culture was kept at 37° on agar slants of Difco A. C. 
medium. To prepare an inoculum, the organisms were transferred from 
a 24 hour slant to a veal heart infusion broth containing 0.2 per cent 
glucose. After a growth period of 6 hours at 37°, the organisms were 
washed with normal saline and resuspended in 5 ec. of saline. 0.03 ce. 
of a 10-* dilution of this suspension in saline was used to inoculate 5 ce. 
of MacLeod’s medium (13). The culture was grown for 24 hours at 37°. 

S. aureus—The stock culture was carried at 37° on agar slants of veal 
heart infusion broth. The procedure for the preparation of the inoculum 
was identical with that employed for Z. coli with the exception that 0.03 
cc. of the 5 cc. saline suspension of washed organisms was used directly 
without further dilution. The organisms were grown for 24 hours at 
37° in 5 ce. of Wolf’s medium (14) to which 12.5 mg. of glucose were added 
aseptically. A purified acid hydrolysate of casein (General Biochemicals, 
Inc.) was employed. 


General Methods 


The basal media utilized in studies of the inhibitory activity of the 
various compounds for S. cerevisiae, L. arabinosus, and S. hemolylicus 


>The medium of Wright and Skeggs (11) plus 0.01 per cent of asparagine. 
’ Designated as Medium B in the paper by McIlroy, Axelrod, and Mellon (12) 
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(organisms which require an exogenous source of biotin for growth) were 
deficient in biotin and were supplemented with the following amounts of 
d-biotin or dl-oxybiotin: S. cerevisiae, 0.1 mygm. of biotin or 0.4 mpgm. 
of oxybiotin per 10 ec.; L. arabinosus, 0.1 mygm. of biotin or 0.2 mygm. 
of oxybiotin per 10 ce.; and S. hemolyticus, 0.2 myugm. of biotin or 0.4 
myugm. of oxybiotin per 5 cc. These amounts of biotin or oxybiotin pro- 
duced approximately one-half maximum growth. Neither growth factor 
was added to the basal media employed for FE. coli and S. aureus (organ- 
isms which do not require an exogenous source of biotin). 

Compounds which exhibited antagonistic activities were added to the 
medium in increasing concentrations until growth was completely in- 
hibited. The minimum quantity of antagonist necessary to inhibit growth 
completely was used to calculate the antibacterial index, 7.¢c. the ratio of 
the molar concentration of the antagonist to that of d-biotin or dl-oxy- 
biotin at which complete inhibition of growth results (15). Growth of 
L. arabinosus was determined by acidimetric titration. Turbidimetric 
measurements in the Evelyn photocolorimeter served to estimate growth 
of the remaining organisms. Because of their limited solubility in water, 
Compounds IX, X, XIII, and XIV were dissolved in aqueous ethanol. 
The amount of alcohol introduced was without effect upon growth of the 
microorganisms. All other compounds were tested in aqueous solutions. 
Solutions of each compound were sterilized by autoclaving in the various 
media. 


Effect of dl-Homooxybiotin on S. hemolyticus Infections in Mice 


These experiments were conducted with male, white mice weighing 
25 to 30 gm. and receiving a diet of Purina chow. The virulent S. hemo- 
lyticus used in the experiments in vitro were injected intraperitoneally. 
dl-Homooxybiotin was given subcutaneously. 

Experiment I—Eleven mice each received a single injection of 12,000 
organisms. Five of these mice were given dl-homooxybiotin as follows: 
20 mg. daily during the 2 days preceding the injection of the S. hemolyticus, 
70 mg. (in seven equal doses) on the day of the injection, and 10 mg. the 
following day. All of the animals died within 84 hours after inoculation 
with the organisms. 

Experiment II—Ten mice each received a single dose of ten organisms. 
Five of these mice were given 16 mg. of dl-homooxybiotin over a 4 day 
period beginning on the day before the injection of the S. hemolyticus. 
Four of the five animals in each group died within 72 hours after the in- 
troduction of the organism. 

As controls, five mice which were not inoculated with S. hemolyticus 
received 16 mg. of dl-homooxybiotin in a manner identical with that of 
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the group treated above. No evidence of toxicity resulting from this 
amount of dl-homooxybiotin was noted. 


Results 

The inhibitory effects of Compounds I to XVII toward S. cerevisiae, 
L. arabinosus, and S. hemolyticus are shown in Table I. Compounds X 
and XIV were also tested for their antagonistic activities toward BE, coli 
and S. aureus. Neither compound had any effect upon growth at a level 
of 600 y per 5 cc. of medium. 

The competitive nature of the antagonisms was evidenced by the fact 
that the antibacterial indices remained reasonably constant over a wide 
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range of metabolite concentrations. The action of the inhibitors could be 
reversed completely by either biotin or oxybiotin. 

In studies of biotin antagonists, two methods have been employed to 
obtain quantitative measurements of the inhibitory activities. Whereas 
we have expressed the inhibitory activity of our compounds in terms 0 
antibacterial indices calculated at the level of complete growth inhibition, 
other workers (5, 16, 17) have calculated similar ratios at levels of one- 
half maximum inhibition. In order to compare our compounds with 
other antibiotins, it is necessary to determine the degree to which the in- 
hibitory ratios are affected by the two different methods of calculation. 
A representative experiment with S. cerevisiae and Compound XIII is 
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presented in Fig. 1. It can be seen that the degree of growth inhibition is 
not a linear function of the amount of inhibitor present. Therefore, in- 
hibition ratios calculated at the level of half maximum growth inhibition 
are smaller than those calculated at the level of complete inhibition. 
Similar results have been obtained in inhibition studies with the other oxy- 
biotin derivatives as well as with the other organisms. It is apparent 
that our method of calculating inhibition ratios indicates a lower potency 
than does the other procedure. A similar conclusion can be reached by 
analysis of data presented by Dittmer and du Vigneaud (18). 


DISCUSSION 


In attempts to prepare new therapeutic agents, the biotin molecule has 
been structurally modified in a variety of ways (1-3, 16-22). Although 
the primary aim of these studies was the preparation of compounds bio- 
logically antagonistic to biotin, they have also yielded information em- 
phasizing the high degree of biological specificity of this vitamin. Thus, 
its growth-promoting properties have usually been severely impaired by 
the structural modifications made to date. An outstanding exception is 
the case of oxybiotin, a compound in which the sulfur atom of biotin has 
been replaced by oxygen. The resulting oxygen analogue still possesses 
significant activity for a variety of microorganisms and higher animals. 
In this connection, desthiobiotin should also be mentioned. This com- 
pound possesses biotin-like activity for a number of organisms (23, 24). 
However, the fundamental difference in the mode of action of oxybiotin 
and desthiobiotin lies in the fact that the former compound is intrinsically 
active (25-28), while the latter is active because of its conversion into biotin 
(29-32). 

None of the oxybiotin derivatives presented in this report possesses 
any significant biotin-like activity. Even such a minor modification as 
the introduction of a carboxyl group adjacent to the original carboxyl 
group in oxybiotin markedly impairs the growth-promoting activity. 
The inability of the microorganisms studied to decarboxylate this malonic 
acid derivative is, therefore, indicated. Further evidence for the high 
degree of specificity of the oxybiotin molecule is given by the fact that 
small changes in the length of the side chain (I to V) completely destroy 
biotin activity. 

A logical step in attempts to develop biotin antagonists was to apply 
modifications to this molecule which in the case of other metabolites have 
resulted in antagonists. The replacement of carboxy! groups by sulfonic 
acid residues represents such a modification (33). Accordingly, oxybiotin 
sulfonic acid (XII) was prepared and found to possess antagonistic activity. 
The sulfonic acid analogue (XVI) of homooxybiotin (IV) was also syn- 
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thesized and, surprisingly enough, possessed slight growth-promoting 
activity for the three organisms. It is conceivable either that these oy. 
ganisms are capable of a limited synthesis of oxybiotin from a derivative 
containing the correct number of carbon atoms in the side chain or tha; 
traces of oxybiotin were formed during the synthesis of the compound, 
In the preparation of these sulfonic acids a number of intermediates wer 
obtained (IX, X, XIII, and XIV) which were found to be even better 
antagonists than the desired sulfonic acids. The benzylthioether deriv. 
tives (X and XIV) had the disadvantage of being sparingly water-soluble 
and attempts were made to produce from them water-soluble derivatives 
with comparable antagonistic activity. The corresponding sulfones (XI 


and XV) were, therefore, prepared and were found to possess markedly | 


decreased antagonistic activities. As in the case of the sulfonic acids, 
Compound XV, with a 5-carbon side chain, possessed a slight degree of 
growth-promoting potency. The explanation for this activity might be 
similar to the one offered above. 

As previously mentioned, variations of the side chain length in the oxy- 


biotin molecule completely destroy the biotin activity. The resulting | 


compounds (I to V) possess varying degrees of antagonistic activity, 
which is greatest in homooxybiotin (Compound IV). Recently, a number 
of biotin homologues have been reported to possess a high degree of antag- 


onistic activity. In particular, homobiotin was found to be the most | 
potent antibiotin yet described (20). It is of interest that in both the | 
biotin and the oxybiotin series the homologues, possessing a caproic acid | 
side chain, were the most active compounds of this type. The antagonistic | 


activity of homooxybiotin depends upon the presence of the intact imi- 


dazolidone ring. This is clearly evidenced by the fact that the cis-3,4- | 


diamino-2-tetrahydrofurancaproic acid sulfate (XVII) was without activ- 
ity. 

We had previously indicated (1) that certain of the oxybiotin derivatives 
are more effective in antagonizing oxybiotin than biotin. This has also 
been shown to be the case with the additional oxybiotin derivatives pre- 
sented in this paper. This situation holds true for each of the three or 
ganisms studied. Since all of the known biotin antagonists tested exhibit 
this differential effect (5, 22, 34, 35), one cannot attribute our results 
simply to the fact that oxybiotin derivatives were employed. 

It is generally observed that organisms which are capable of growing 
in the absence of an exogenous source of a metabolite are resistant to the 
effects of the corresponding antimetabolite. In agreement with this 
observation we have found that Z. coli and S. aureus, organisms which 
grow in the absence of added biotin, are not inhibited by the thioether 
(X and XIV). 
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The ineffectiveness of homooxybiotin in combating S. hemolyticus in- 
fection in mice as presented in this paper poses an interesting question. 
Recent studies have amply demonstrated an interrelationship between 
biotin, aspartic acid, and certain fatty acids (36-41). Of particular in- 
terest in this connection is the observation that biotin antagonists lose — 
their growth-inhibitory properties for microorganisms in the presence of 
aspartic acid and certain lipides (85, 42).4 The inactivity of homo- 
oxybiotin in combating S. hemolyticus infection may be attributed to the 
fact that in the host animal conditions prevail which keep the organism 
supplied with aspartic acid and fatty acids, products which are normally 
synthesized in the organisms through the catalytic action of biotin. 

SUMMARY 

Varying degrees of antagonistic activity against biotin and oxybiotin 
have been found for a number of oxybiotin analogues with Saccharomyces 
cerevisiae, Lactobacillus arabinosus, and Streptococcus hemolyticus. Two 
of the more active antagonists were found to be inactive for organisms not 
requiring an exogenous source of biotin (Escherichia coli and Staphylo- 
coccus aureus). Homooxybiotin was without effect in an infection in 
mice with a strain of Streptococcus hemolyticus. A possible explanation 
for this inactivity has been offered. 


The technical assistance of Miss M. Elizabeth Lybarger is gratefull y 
acknowledged. 
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CRYSTALLINE GLYCEROPHOSPHATE DEHYDROGENASE 
FROM RABBIT MUSCLE 


By TADEUSZ BARANOWSKI* 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis) 


(Received for publication, April 11, 1949) 


The following enzymatic reactions have been shown to occur in animal 
tissues and in yeast (1). 


Fructose-1 ,6-diphosphate 








T 
Aldolase | 
{ 
p-Glyceraldehyde-3-phosphate “~—_______.. dihydroxyacetone phosphate 
Isomerase 
| [etydrogea | Dehydrogenase 
| 
p-Glyceric acid-1 ,3-diphosphate L-a-Glycerophosphate 


Aldolase and glyceraldehyde phosphate dehydrogenase from rabbit mus- 
cle have been obtained in crystalline form in this laboratory (2, 3). In 
the present paper is described the preparation of crystalline glycerophos- 
phate dehydrogenase from rabbit muscle. This enzyme requires diphos- 
phopyridine nucleotide (DPN) as coenzyme (4). 


EXPERIMENTAL 


Enzymatic activity was determined in an optical test, based on the 
measurement of reduced DPN at 340 muy in the Beckman spectrophotom- 
eter. The reaction was carried out in phosphate or cysteine buffer at 
pH 7. Synthetic dihydroxyacetone phosphate (5) with reduced DPN or 
racemic a-glycerophosphate with DPN was used as substrate to measure 
the forward and backward reactions, respectively. The concentrations 


of reactants are given in Tables I and II. The protein concentration 
Was measured optically at 280 my; the conversion factor for log I)/I read- 





ings was obtained from protein determinations by the biuret method of 
Robinson and Hogden (6). 


*Research Fellow of the World Health Organization. Present address, University 
Medical School, Wroclaw, Poland. 
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Isolation of Enzyme—As shown in the succeeding paper (7), recrystgl 
lized myogen A contains glycerophosphate dehydrogenase. It prove; 
possible to separate the dehydrogenase from myogen A by fraction 
crystallization at an acid pH.!' The optical test for enzyme activity an 
the ultraviolet absorption spectrum of the protein (see Fig. 1) were usej 
as guides in the isolation. The following is a description of one prep, 
ration. 

Myogen A bipyramids were prepared from 1 kilo of rabbit muscle x 
described in the succeeding paper (7). After several recrystallizations {} 


f 
ul 


LOF 


LOG ly 


0.4- 


0.2 





| 1 | l | 1 | 
240 260 280 300 
MU 
Fig. 1. Ultraviolet absorption curve of crystalline glycerophosphate dehydr- 
genase (O) and aldolase (A), each 1 mg. per cc., at pH 7. 





aldolase activity was about 15 per cent of that found for a standard aldo 
lase preparation, and the ultraviolet absorption in the region 250 m 
showed a greater density than that of aldolase. To a 1 per cent solutia 
of the myogen A crystals was added ammonium sulfate until the necessaly 
saturation (about 0.45) for crystallization was nearly reached. The pl 
was 5.5. A small crystalline precipitate which formed overnight in the 


1 The dehydrogenase is precipitated from rabbit muscle extract at pH 7.6 betwee 
0.45 and 0.65 saturation of ammonium sulfate, but separation from other protelli 
is difficult. So far the enzyme has been prepared only from myogen A cryst#lé 
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cold room was removed. Then a few drops of saturated ammonium sul- 
fate solution were added from time to time over a period of several weeks 
while the solution remained in the cold room. Successive fractions of 
erystals were collected and enzyme activity and ultraviolet absorption 
were determined for each traction. The first crystalline fractions showed 
about 35 per cent of aldolase activity and only traces of glycerophosphate 


dehydrogenase activity. The middle fractions had lower aldolase activity, 
and finally bipyramids were obtained which showed high glycerophos- 
phate dehydrogenase activity and only traces of aldolase activity. These 


were dissolved in a small amount of water, and solid ammonium sulfate 
was added until a distinct shimmer was observed upon stirring the so- 
lution. 

On standing overnight in the cold two types of crystals settled out, 
needles and hexagonal plates. When the solution containing the crystals 
was brought to room temperature (about 28°), the hexagonal plates dis- 
solved, while the less soluble needles, containing high glycerophosphate de- 
hydrogenase activity, could be separated by centrifugation. The pH of 
the mother liquor was 5.45 and the saturation of ammonium sulfate 0.5. 
After recrystallization, rhombic plates, which looked like needles when 
standing on edge, were obtained (Fig. 2). Additional crystallizations 
vielded a preparation of constant enzymatic activity. 

When the enzyme is precipitated from dilute aqueous solution in an 
amorphous form by ammonium sulfate, one finds that on standing in the 
cold room the precipitate is slowly converted to crystals. These crystals 
aggregate and assume the shape of whetstones. The specific enzymatic 
activity of this form of crystals was the same as that of the rhombic plates. 
Glyceraldehyde-3-phosphate dehydrogenase could not be detected in the 
crystals. 

The glycerophosphate dehydrogenase crystals in half saturated am- 
monium sulfate were stable for several weeks in the cold room. In dilute 
solution the enzyme was unstable and lost 90 per cent of its activity in 
24 hours at 0°. Activity was measured immediately after dissolving the 
crystals, because in the high dilution used in the test most of the activity 
was gone after 10 minutes. Dilution with cysteine did not prevent in- 
activation of the enzyme. Further work is necessary to study the con- 
ditions under which the enzyme can be stabilized. Since only small 
amounts of highly purified enzyme were obtained, only some of the prop- 
erties of the enzyme could be explored at this time. 

Turnover Number—An example of rate measurements with two differ- 
ent enzyme concentrations is given in Fig. 3. Based on the rate observed 
during the first 30 seconds, 100,000 gm. of protein catalyzed the reduction 
of 26,500 molecules of dihydroxyacetone phosphate per minute at 20°, 
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DH 7.0. At 30° the turnover number was about twice as great. Be. 
tween 1 and 4 y of enzyme per 3 cc., there was good proportionality be- 


tween the rate of the reaction and the enzyme concentration. 


The concentration of the enzyme in rabbit muscle was calculated from 


activity measurements in dialyzed muscle extracts to which iodoacetat 


had been added to inhibit glyceraldehyde phosphate dehydrogenase ge- 





Fic, 2. Crystalline glycerophosphate dehydrogenase from rabbit muscle, X 260 


tivity. On an average 0.015 gm. of enzyme per 100 gm. of muscle was 


found. About the same concentration was found in rabbit liver. 
Equlibrium—The equilibrium constant could not be determined 


curately with dihydroxyacetone phosphate as substrate, because the equl- 


librium is shifted far to the side of glycerophosphate (see Table I). Th 
experiment in Table I shows incidentally that the enzyme can be used 
for the quantitative determination of small amounts of dihydroxyaceton' 
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Fic. 3. Activity of a-glycerophosphate dehydrogenase. The reaction mixture 
contained, in moles per 3 cc., dihydroxyacetone phosphate 8.4 X 107‘, and reduced 
DPN 1.1 X 10-7. The pli of the cysteine buffer was 7 and the temperature 20°. 
At zero time 1.58 y of crystalline enzyme were added to Curve A and 3.16 y to Curve 
B. 





TABLE I 
Equilibrium with Dihydroryacetone Phosphate 
The reaction mixture contained, in moles per 3 cc., phosphate buffer 2 x 10-, 
pH 7, reduced DPN 9.0 X 10-7, and dihydroxyacetone phosphate 5.6 X 1077 (based 
on determination of alkali-labile P). Temperature 22°. Absorption cell 1 cm. 
At zero time 2.2 y of crystalline enzyme were added. 








Time Log ‘ A log 2 
sec. 

0 1.90 

30 1.24 0.66 
60 0.98 0.92 
90 0.82 1.08 
120 0.78 1.12 
150 0.74 1.16 
180 0.73 ve 
210 0.72 1.18* 


*From 8 = 1/cd In I,/ I= 1.45 X 107 moles of reduced DPN per cc., it may be 
calculated that (2.3 X 1.18 X 3)/(1.45) X 10-7 = 5.62 X 10-7 mole of dihydroxy- 


acetone disappeared. This corresponds closely to the amount which had been 
added. 
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phosphate. By approaching the equilibrium from the glycerophosphat, 
side (Table II), K for the reaction, dihydroxyacetone phosphate + DPNH 
= glycerophosphate + DPN, was found to be 1.4 X 10‘ at 22° at pH7, 
K was calculated from the equation, K = ({e — 2] [g — 2])/[z], where 
c and g are the initial concentrations of DPN and L-ae-glycerophosphate, 
respectively, and x the concentration of reduced DPN at equilibrium. 
Absorption Spectrum—The ultraviolet absorption spectrum of the ep. 
zyme (Fig. 1) is similar to that found for glyceraldehyde phosphate de. 
hydrogenase (8), particularly in the region 250 to 260 mu, where the 
adenine part of DPN shows strong absorption. Glyceraldehyde phos. 
phate dehydrogenase has been shown to contain 1 DPN molecule per 
5 X 10* gm. of protein (8). It seems possible that glycerophosphate de. 


TABLE II 
Equilibrium with Glycerophosphate 
The reaction mixture contained, in moles per 3 cc., phosphate buffer 2 x 10% 
pH 7, DPN 9.1 X 10-7, and racemic a-glycerophosphate 1.8 X 10-5. Temperature 
22°. Absorption cell 1 cm. At zero time 2.2 y of crystalline enzyme were added, 








Time Log p | A log 3 
min. | 
0 | 0.055 | 
1 0.069 | 0.014 
2 0.080 | 0.025 
3 | 0.088 | 0.033 
4 | 0.095 | 0.040 
5 | 0.101 | 0.046 
6 | 0.103 | 0.048 
7 0.105 | 0.050 
8 | 0.105 | 0.050 





hydrogenase also crystallizes with DPN (or DPNH) as the prosthetic 
group, but this will have to await further analysis. 

The absorption spectrum of aldolase is included for comparison. Aldo- 
lase does not contain DPN and this makes the determination of absorption 
at 250 my useful in the separation of the two enzymes. 


SUMMARY 


Myogen A crystals, prepared from rabbit muscle, were found to con- 
tain glycerophosphate dehydrogenase. The enzyme was separated from 
myogen A by fractional crystallization and isolated in the form of rhombic 
plates. After several recrystallizations the enzyme activity per mg. o 
protein remained constant. The activity was determined in an optical 
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test with reduced DPN and dihydroxyacetone phosphate as substrates. 
The turnover number per 100,000 gm. of protein was 26,500 at 20° and 
pH 7.0. The equilibrium constant could be determined with glycerophos- 
phate as substrate and had the value of 1.4 X 10‘ at 22° at pH 7.0. Owing 
to the fact that the equilibrium of the reaction is so far to the side of glye- 
erophosphate, the enzyme can be used for the quantitative determination 
of dihydroxyacetone phosphate. Rabbit muscle contains about 0.015 
gn. of this protein per 100 gm. of tissue. A similar concentration was 
found in liver. 


[ wish to thank Dr. Carl F. Cori for his kind interest in this work. 
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ALDOLASE ACTIVITY OF MYOGEN A 


By TADEUSZ BARANOWSKI* anp T. RUDOLF NIEDERLANDf 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis) 


(Received for publication, April 11, 1949) 


The problem of the relation of myogen A to aldolase, both crystalline 
proteins isolated from rabbit muscle, has been touched upon in a previous 
paper from this laboratory (1). The relevant facts may be summarized 
as follows. Meyerhof and Beck (2) reported that myogen A, prepared 
by the method of Baranowski (3), showed 16 per cent of the aldolase ac- 
tivity found by Warburg and Christian (4) for their rat aldolase prepara- 
tin. Taylor, Green, and Cori (1) isolated aldolase from both rabbit 
and rat muscle and described several crystalline modifications, one of 
which greatly resembled the characteristic myogen A crystals (hexagonal 
bipyramids). Although these preparations were electrophoretically homo- 
geneous and showed the same specific activity when compared among 
themselves, they were only 40 per cent as active as Warburg and Christian’s 
preparations. It will be shown in this paper that with an improved test 
the specific activity of aldolase, as prepared in this laboratory, was found 
to be the same as that reported by Warburg and Christian. 

The fact that repeatedly recrystallized myogen A preparations never 
reach full aldolase activity has been confirmed and, as shown in this paper, 
is to be attributed in part to the presence of other proteins in the crystals. 
Previous work by Chrobak and Baranowski (5) has already indicated that 
myogen A is not homogeneous, since differences in birefringence and 


shape of crystals had been observed under identical conditions of crystal- 
lization. 


EXPERIMENTAL 


The first aim was to investigate the conditions under which maximal 
aldolase activity could be obtained in the optical test of Warburg and 
Christian (4). The pH optimum of aldolase was found to be at 7, with 
a barely noticeable falling off in rate at either pH 6.5 or 7.5. The latter 
pH was chosen for activity measurements. At pH 9 there was a decrease 
in the rate of aldolase activity of 30 per cent, when the optical test was 


* Research Fellow of the World Health Organization. Present address, Univer- 
sity Medical School, Wroclaw, Poland. 


f Research Fellow of the Rockefeller Foundation. Present address, Bratislava, 
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used. In a chemical test, with cyanide as the trapping agent for the 
phosphotrioses formed, an apparent pH optimum of 9 has been reported 
(6). This is probably due to the fact that trapping becomes incomplet, 
at pH values below 9, thus simulating a decrease in the rate of aldolase 
activity. For the same reason the values obtained at pH 7.5 in the chem. 
ical test are lower than those obtained in the optical test. 

In the optical test one adds hexose diphosphate, arsenate, aldolase, ap 
excess of glyceraldehyde phosphate dehydrogenase, and diphosphopyridine 
nucleotide (DPN) and measures the rate of appearance of the reduced 
band of DPN at 340 mu in the Beckman spectrophotometer. It is essen. 
tial that the participating enzymes should be free of interfering enzymes, 
particularly of glycerophosphate dehydrogenase. As shown in the pre. 
ceding paper (7), this enzyme has a high turnover number, and, since it 
catalyzes a reaction in which reduced DPN disappears, it interferes in 
the optical test for aldolase. Furthermore, there should be no trioge 
phosphate isomerase present, since its equilibrium is far to the side of 
dihydroxyacetone phosphate. 

In order to detect isomerase activity in the participating enzymes, 
hexose diphosphate was replaced by synthetic dihydroxyacetone phos 
phate (8) in the optical test. 

The glyceraldehyde phosphate dehydrogenase from yeast was used in 
the test system in place of the corresponding muscle enzyme used by 
Taylor e¢ al. (1); it is more stable than the muscle enzyme and can be 
used without cysteine. The yeast enzyme was prepared in crystalline 
form by Dr. E. G. Krebs by a slight modification of the method of War- 
burg and Christian (9). In the amounts used in the optical test (200 »), 
the yeast enzyme showed no aldolase, triose phosphate isomerase, or 
glycerophosphate dehydrogenase activity. The latter was determined in 
an optical test with synthetic dihydroxyacetone phosphate and reduced 
cozymase as substrates, as described in the preceding paper (7). It was 
also possible to prepare aldolase essentially free of glycerophosphate de- 
hydrogenase and triose phosphate isomerase. 

In some cases it was desirable to determine aldolase activity first and 
then to see whether the aldolase preparation contained glycerophosphate 
dehydrogenase. In this case one measures first the rate of appearance 
of reduced DPN at 340 my with hexose diphosphate as substrate and 
then adds iodoacetate to stop the action of glyceraldehyde phosphate 
dehydrogenase. In the concentrations used (2.6 & 10-* m) iodoacetate 
has no inhibitory effect on glycerophosphate dehydrogenase. ‘The rate 
of disappearance of reduced DPN is then used as a measure of glycero- 
phosphate dehydrogenase activity. 

Turnover Number of Aldolase—The activity was determined at pH 7. 
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which is close to the optimum. The concentrations of reactants, in a 
total volume of 3 cc., were the same as those used by Warburg and Chris- 
tian (9). 

[t seemed desirable to determine aldolase activity not only by the 
method of Warburg and Christian, but also by another, independent test. 
Since the chemical test did not appear to be reliable, another optical test 
was devised in which use was made of crystalline glycerophosphate de- 
hydrogenase (7). The system consists of hexose diphosphate, aldolase, 
reduced DPN, and an excess of glycerophosphate dehydrogenase.! The 
dihydroxyacetone phosphate formed in the aldolase reaction is converted 
to glycerophosphate, with the equilibrium very far to the side of the 
latter, so that the rate of disappearance of reduced DPN at 340 my 
ean be taken as a measure of aldolase activity. There was good agree- 
ment in the specific activity of aldolase as determined by these two 
methods. 

The protein concentration was measured optically at 280 my; (—logio7’) 
0.91 = mg. of protein per ce. This conversion factor was based on an 
average of two gravimetric determinations of dialyzed aldolase dried at 
80° over PLO; in a high vacuum. <A factor previously determined had 
the value of O.S1 (1); hence the turnover number calculated with this 
factor was about 10 per cent too low. 


The preparation of aldolase in the form of needles at pH 7.5 followed 


the procedure described by Taylor, Green, and Cori (1). The first crystals 
were regularly 70 to 80 per cent pure aldolase. By recrystallization from 


a solution containing 0.05 mM phosphate at pH 7.5 or 5.6 the purity could 
be raised. Reerystallization at the acid pH, in which case one obtains 
aldolase in the form of bipyramids, was more effective. Purification was 
continued until the activity could be increased no more by repeated crys- 
tallizations both at the acid and alkaline pH. Equally active aldolase 
could also be obtained by fractionation with acetone at low temperature, 
confirming Taylor et al. (1), but the yield was poor. 

Microscopically the bipyramid crystals of aldolase (Fig. 1) were of only 
one type, as far as shape and birefringence are concerned. ‘The electro- 
phoretic patterns showed homogeneity over the pH range investigated 
(5.8 to 7.6) and the mobilities were close to those reported by Taylor et 
al. (] - 

The turnover numbers for rabbit aldolase shown in Table | are higher 
than those previously reported from this laboratory and are well within 
the range of the values reported by Warburg and Christian (4) for rat 
aldolase. The reason for the higher turnover number now found has not 


‘Racker (10) made use of a similar system in the measurement of phosphofructo- 
kinase, the enzyme which converts fructose-6-phosphate to fructose diphosphate. 
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been explained satisfactorily. In particular, the glyceraldehyde phos 
phate dehydrogenase of muscle has been reexamined for the presence 
of triose isomerase and glycerophosphate dehydrogenase, with negatiy: 
results. It is possible that the instability of this enzyme as compared to 
the yeast enzyme was a contributory factor, although recent measurements 


of aldolase activity have given identical results with either dehydro; 
as auxiliary enzyme. 


CTLEASS 








Fic. 1. Rabbit aldolase crystallized from ammonium sulfate at pH 5.7 in the form 
of hexagonal bipyramids. X 260. 


In Table II is given an example of the determination of the turnover 
number of aldolase with hexose diphosphate, glycerophosphate dehydro- 
genase, and reduced DPN. The value of 2550 at 23° is close to the valu 
of 2150 reported by Warburg and Christian for rat aldolase at 20 

Aldolase Activity of Myogen A—Table IL shows that highly purified 
myogen A has a specific activity 0.35 of that of the standard aldolase 
preparation. Further crystallizations of this material at acid or alkaline 
pH did not change the activity. 
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As in the original procedure (3), 1 kilo of rabbit muscle was extracted 
twice with an equal volume of water. The protein fraction which pre- 
cipitated at pH 5.6 between 0.4 and 0.6 saturation with ammonium sulfate 


TABLE I 


Activity of Crystalline Rabbit Muscle Aldolase 
The test system was that described by Warburg and Christian (4). 


Is 
Amount of A log I 
Prepara- Recrvstallization enzyme Temper- | Turnover 
tion No. ‘dele sapien aise added per aap eeronae ature No.* 
3ée. After 1 After 2 
min. min. 
Y "Use 
i 3 times from (NH4,4)2SO, 4.53 | 0.234 | 0.450 26 3690 
solution, pH 7.5 
2 | 3 times as above, in pres- 7.53 | 0.340 | 0.670 26 | 3230 
| ence of phosphate buffer | 
8 | 2times at pH 7.6, 2 times | 7.48 | 0.390 | 0.778 28 | 3720 


at pH 5.6, in presence of 
phosphate buffer 
4 | Acetone treatment | 6.92 | 0.400 | 0.783 | 30 | 4140 


} 








| * Calculated from the readings after 1 minute as moles of hexose diphosphate 

decomposed per 150,000 gm. of protein per minute at pH 7.5. (2.3 log Io/I)/(1.45 X 
107) = moles of DPNH formed (or moles of hexose diphosphate decomposed) per 
| ee. 


TABLE II 


Specific Activity of Aldolase and of Myogen A 
The test system contained, in moles per 3 cc., potassium phosphate buffer 1 X 
10“, pH 7, fructose diphosphate 6 X 10-5, reduced DPN 7 X 10~’, and 10 of erystal- 
line glycerophosphate dehydrogenase. Temperature 23°. The amounts of protein 
added at zero time were 4.25 y of aldolase and 11.2 y of myogen A. 





Protein added Time Log“® A log? Turnover No.* 
min 
Aldolase 0 1.32 
1 LZ 0.15 2550 
2 1.07 0.25 
Myogen A 0 1.33 
1 1.19 0.14 900 
2 1.07 


0.26 





* See foot-note to Table I. 


was separated on a Biichner funnel, dissolved in 80 ec. of water, and heated 
for 10 minutes at 52°. The denatured protein was removed by filtration. 
The protein remaining in solution was salted out with ammonium sulfate 
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and separated on a Biichner funnel. After dissolving the precipitate in 
a small volume of water, ammonium sulfate was added to incipient tur- 
bidity. On keeping the material in a cold room, a semisolid gel formed 
in which there appeared after about 2 weeks the bipyramids of myogen 
A. Such preparations, even after repeated recrystallizations, showed an 
aldolase activity only 0.15 to 0.18 of that of the standard aldolase prepa- 
rations. 

The experiment in Table III shows that the myogen A crystals with 
0.15 activity contain glycerophosphate dehydrogenase. Crystalline aldo- 
lase was added first in order to accumulate dihydroxyacetone phosphate 
and reduced cozymase. The action of the triose phosphate dehydro- 
genase was then stopped by the addition of iodoacetate. On addition 
of myogen A a rapid disappearance of reduced cozymase occurred, owing 


TABLE III 
Presence of Glycerophosphate Dehydrogenase in Myogen A 


The reaction mixture contained, in moles per 3 cc., cysteine buffer 6 X 10-*, DPN 
9 X 10-*, hexose diphosphate 4 X 10, sodium arsenate 5 X 10-5, and 200 y of yeast 
triose phosphate dehydrogenase. The pH was 7.5 and the temperature 25°. 








| 
Additions | Time Log + 

ee ee! Pes eee amici 
| min | 

10 y aldolase | 0 0.00 

Iodoacetate* 5 | 1.78 

8 y myogen A | 15 1.86 
| 15.5 | 1.03 
16 0.79 
| 17 | 0.54 





* Final concentration 2.5 X 1073 mM. 


to the activity of the glycerophosphate dehydrogenase. After separation | 
of this enzyme by fractional crystallization, as described in the preceding 
paper (7), one obtains myogen A crystals of 0.35 activity (Fig. 2). In 
Table IV it is shown that these crystals are free of glycerophosphate de- 
hydrogenase activity. 

Refractionation of myogen A of 0.35 activity failed to increase the ac- 
tivity except in a few preparations which yielded a small amount of less 
soluble bipyramids. These had an activity of 0.45 as compared to an 
activity of 1.0 for the aldolase standard. Occasionally an activity of 0.40 
was obtained in the first crystalline myogen A fractions prepared from 
dialyzed muscle extracts. Muscle extracts prepared with 0.1 m KCl 
K2HPQ, solution and then dialyzed against running tap water also yielded 
myogen A crystals of 0.45 to 0.5 activity. 

It seems clear that with the methods used so far it has not been possible 
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Fig. 2. Crystalline myogen A, with an aldolase activity 35 per cent of that of pure 
aldolase. X 160 
TaBLeE IV 
Activity of Myogen A after Separation from Glyce rophosphate Dehydrogenase 


The reaction mixture was the same as in Table III 


/ 
\ Time I ] 
min 
15.5 y myogen A 0 0.00 
l Q).28 
2 0.55 
3 O.S3 
lodoacetate* } 1.09 
6 1.15 
4 | 15 
S 1.15 


* Final coneentration 2.5 & 1073 um. 


to prepare pure aldolase from myogen A. Addition of boiled muscle juice 
or of boiled aldolase failed to raise the activity of 0.35 active myogen 
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A. When myogen A and aldolase were mixed, the effects were additive: 
that is, myogen A did not inhibit aldolase activity. . 
Comparisons of different myogen A preparations with respect to electro. 
phoretic mobility and other properties are shown in Table V. Bire- 
fringence Was roughly estimated on crystals of considerable size, grown fo 
this purpose. The ultraviolet absorption spectrum of myogen A of ge- 
tivity 0.15 differs from the other myogen A preparations and from aldo- 
lase in showing a strong absorption in the region 250 mu. As discussed 
in the preceding paper (7), this is due to the presence of glycerophosphat 
dehydrogenase which has a different absorption spectrum. 


TABLE \ 
Comparison of Myogen A Preparations with Different Aldolase Act 
leectrophoretie mobilities were determined in phosphate buffer, ionic strengt} 


0.1, at 19°. 


Specific activity of myogen A — 
2 soele 


aldolase 1.0 t Bire 
0.15 5.9 
0.35 6.0 
0.45 6.2 
AE 6.2 


* Aldolase. 


DISCUSSION 


That crystalline myogen A is not a homogeneous protein seems to by 
clearly established, even though electrophoresis and ultracentrifugation’ 
reveal but one component. The typical bipyramids apparently represent 
mixtures or isomorphic crystals of several proteins, one of which, the 
glycerophosphate dehydrogenase, can be separated by fractional crys- 
tallization. The fact that these proteins migrate as one component in 
the electric field may be due to complex formation in solution, and it is 
probably significant in this respect that differences in the isoelectric point 
of different myogen A preparations have been detected. 

Myogen A crystals, after separation from glycerophosphate delhydro- 
genase, show an activity which is 0.35 that of aldolase, and only in a few 
instances has it been possible to separate a small fraction with 0.40 to 
0.5 activity. One important difference in the preparation of myogen A 
and of aldolase is that in the former case crystallization at acid pH re- 
quires 1 to 2 weeks, while in the latter case aldolase is crystallized over- 
night at alkaline pH. It is possible that an inactivation of aldolase occurs 


2 The authors wish to thank Dr. J. F. Taylor for carrying out these determinations. 
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during the rather long standing at acid pH, but in this case it is difficult 
to understand why the process stops at a definite level of aldolase activity, 
unless the formation of myogen A crystals depends on a definite ratio of 
active and inactive aldolase. Since other possibilities cannot be excluded, 
further work on the nature of myogen A seems necessary. 


SUMMARY 


1. The turnover number of crystalline aldolase from rabbit muscle has 
been redetermined with two independent and improved test systems. 
The value, in terms of moles of hexose diphosphate decomposed per 1.5 
X 10° gm. of protein per minute at pH 7.5, is 2500 at 23° and 4200 at 30°. 
This is higher than was originally reported and agrees with the figure 
given by Warburg and Christian for rat muscle aldolase. 

2. With an optical test, the pH optimum of aldolase was found to be 
at 7; at pH 9 the activity was 30 per cent lower. The apparent optimum 
reported previously at pH 9 in a chemical test with cyanide as the trapping 
agent was probably due to incomplete trapping of the phosphotrioses at 
pH values below 9. 

3. Repeatedly recrystallized myogen A, prepared by the original method, 
showed an aldolase activity which was 15 per cent of that of a standard 
aldolase preparation. After complete separation from glycerophosphate 
dehydrogenase, the activity rose to 35 per cent, but could not be raised 
further by fractional crystallization. 

4. Myogen A of 15 and 35 per cent aldolase activity was electrophoretic- 
ally homogeneous between pH 5.8 and 7.6, but migrated faster at all pH 
values than aldolase. Ultracentrifugation also failed to reveal inhomo- 
geneity. It may nevertheless be concluded that myogen A is not a homo- 
geneous protein and is not identical with aldolase. 


We wish to thank Dr. Carl F. Cori for his kind interest in this work 
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CRYSTALLINE PROTEIN FROM COMMERCIAL BEANS 
(PHASEOLUS VULGARIS 


By JAQUES BOURDILLON 


Vrom the Division of Laboratories and Research, New York State Department 
i , I 


of Health, Albany) 
(Received for publication, May 9, 1949 


A hitherto unrecognized crystalline substance having the properties of 
a protein has been isolated from commercial dried beans by the tollowing 
method. 

Commercial dried beans, variety Great Northern, were mechanically 
eround to a fine flour, of which LOO gm. were stirred with 400 ml. of N 
NaCl, followed by 500 ml. of 0.1 nN HCl. The resulting pH was 2.8. The 
suspension was centrifuged for 30 minutes when some of the precipitate 
formed a laver on top of the supernatant solution instead of settling. 
However, this fraction adhered to the wall of the cup as the extract was 
decanted, and the opalescent fluid obtained was fairly clear. The pH was 
brought to 7.5 with about 40 ml. of N NaOH, and the new slight precipi- 
tate which formed was again removed by centrifugation. “The pH was then 
lowered to 5.5 with about 5.0 ml. of N HCI, and 0.5 volume of ethyl alcohol 
was added at room temperature. ‘The amorphous precipitate which formed 
ina few hours turned crystalline (or semicrystalline) upon standing over- 
night in the refrigerator. It was collected by centrifugation and washed 
once with cold 0.5 N NaCl to which 0.5 volume of alcohol had been added, 
and was dissolved in 200 ml. of N sodium acetate. The insoluble part was 
separated in the centrifuge and discarded. The supernatant was acidified 
to pH 5.5 with about 20 ml. of N HCl and the container placed in a 10 liter 
jar filled with water at 40°. Enough aleohol (about 0.7 volume) was added 
to produce a slight turbidity; crystallization proceeded as the water cooled 
to room temperature and the material was collected after 24 hours. 

One recrystallization usually vielded entirely crystalline and completely 
soluble material. Occasionally, the solution of the first batch of erystals 
in sodium acetate vielded a suspension that could not be clarified by centrif- 
ugation. In such instances, recrystallization was carried out with the 
turbid solution, when the insoluble fraction was found to sediment easily 
the second time. The material was then crystallized a third time. The 
crystals were octahedra, sometimes elongated, most often in the shape of 
bipyramids (Fig. 1, left). If the wall of the container was scratched 
slightly, they formed against it as large jagged clusters as much as 2 mm. 
in length and strongly anisotropic (Fig. 1, right). The crystalline material 
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was dialyzed against distilled water and dried in vacuo to a white fluff 


powder. The yield was 4+ gm. from 100 gm. of flour. | 
The protein was sparingly soluble in cold distilled water, but was read | 

soluble at 50°. The warm solutions were water-clear with a slight 

opalescence, and remained clear on cooling. These were actually super 


saturated solutions which gave precipitates upon addition of a trac 
salt (acetate buffer of pH 5.5 to the extent of O.OOL mw). Th 
redissolved completely when the molarity was raised to 0.05. With ammo 










nium sulfate, precipitation began only above 89 per cent saturation. On | 
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Fig. 1. Reerystallized bean protein. Magnifieation, & 45 


the addition of alcohol, acetone, or dioxane at room temperature, precipi- 
tation began at about 30 per cent when the salt molarity was 1.0, and was 
more rapid at lower temperatures. The crystals could be dried with 95 
per cent alcohol without loss of their shape or their solubility in water. The 
protein was denatured at boiling temperature. At pH. 5.5, in the presence 
of salt, it began to precipitate at 95°, while in the absence of salt it could 
be boiled and cooled without apparent alteration, and was precipitated 
only when salt was added. It was irreversibly precipitated by trichloro- 


acetic acid, 
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Analysis of the recrystallized material gave the following information: 
carbon (Van Slyke and Folch) 50.4 per cent; nitrogen (Kjeldahl) 15.3 
per cent; carboxyl nitrogen (Van Slyke), not detected; phosphorus, not 
detected; total sulfur (Carius) 0.12 per cent; sulfur as SH, not detected; 
carbohydrate (as glucose, Molisch), about 2 per cent; tyrosine-tryptophan 
(Folin), +; tryptophan (Hopkins-Cole), +; ash 0.2 per cent. 

The sulfur content is particularly low and indicates a minimum molecu- 
lar weight of about 27,000. 

The acid- and base-binding power of the protein was measured in 1.2 per 
cent concentration and 0.5 m KCl with the help of the glass electrode 
(Table I). ‘The figures given represent the difference between the total 
amount of HCl or KOH added and that accounting for the pH of the solu- 
tion. At pH 6.5, 7.8, and 9.0, the figures are estimates because of drift in 
the pH readings, which, however, were not sufficient to affect their order 


TABLE I 
Acid- and Base-Binding of Bean Protein in 0.5 m KCl, Measured with Glass Electrode 











pH | Acid bound per gm. pH | Alkali bound per gm. 
— . | om a 

1.54 0.89 5.5 0 

1.70 0.74 6.5 0.10 

1.92 0.55 7.8 0.15 

2.15 0.54 9.0 0.19 

3.16 0.39 10.4 0.38 

4.08 | 0.206 11.0 0.54 


4.61 0.105 


11.3 0.89 


of magnitude. ‘These data establish the nature of the substance as an 
ampholyte with an isoionic point near pH 5.5, which was also that of mini- 
mum solubility and the optimum point for crystallization. Comparison 
with the data of Cannan and his colleagues shows that the protein is a poor 
buffer, binding only one-third to one-half as much acid or base as egg 
albumin (1) or B-lactoglobulin (2), except at extreme pH values. 

The molecular weight of the protein was determined by the author’s 
osmotic pressure method (3) in 0.96 per cent concentration in 0.2 m phos- 
phate buffer, pH 7.2, and found to be 171,000. This is 6 times the mini- 
mum weight estimated from the sulfur content. 

The protein was only slightly susceptible to peptic hydrolysis. At 
pH 1.5, after 18 hours at room temperature in the presence of 0.01 its weight 
of pepsin, it was transformed into a substance insoluble over the pH range 
of 1 to 11, and yielded but little non-protein nitrogen. At pH 3.5, the 
same treatment left the protein unaffected ..d able to crystallize as 
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readily as before. The protein formed compounds with pepsin similar to 
those which pepsin forms with edestin (4) and split diphtheria antitoxin 
(5). The complex was least soluble at pH 4 and contained about 2 mole- 
cules of crystalline pepsin to 1 of vegetable protein. As with split anti- 
toxin, there was evidence that the composition of the complex varied with 
the pH; attempts to isolate it in crystalline form were unsuccessful. 

The protein may be characterized as an albumin because of its high 
solubility in the presence of ammonium sulfate, or as a globulin because of 
its insolubility in cold water at the isoelectric point. The yield being 4 gm. 
from 100 gm. of flour, and the flour containing 3.79 per cent nitrogen, this 
protein represents at least 16 per cent of all the nitrogenous material present. 

According to Jones and his associates (6) seeds of all members of the 
genus Phaseolus contain an a- and 8-globulin, the former precipitating with 
ammonium sulfate at less than half saturation and having a sulfur content 
of 1.0 to 1.5 per cent, the latter more soluble in the presence of ammonium 
sulfate and with a sulfur content of 0.3 to 0.4 per cent (6). A substance 
more like an albumin was obtained in denatured form from Lima beans, 
with a sulfur content of 1.15 per cent (7). Osborne (8) identified as phase- 
lin an albumin-like material containing 0.49 per cent sulfur. The lack of 
crystallinity of these substances and the absence of clear physical character- 
ization preclude comparison with the present results, and the conclusion 
seems justified that the protein described in this paper is a newly recog- 
nized entity. 


SUMMARY 


Commercial dried beans (Phaseolus vulgaris) yielded a crystalline protein 
with a molecular weight (by osmotic pressure) of 171,000 and an isoionic 
point near pH 5.5. At this pH, the substance is soluble in warm distilled 
water and precipitates only above 80 per cent saturation with ammonium 
sulfate. Its sulfur content is very low. The protein represents at least 
16 per cent of the total nitrogenous material of the seed. 
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MEASUREMENT OF CARBONIC ANHYDRASE ACTIVITY OF 
BLOOD AT BODY TEMPERATURE* 
By M.-D. ALTSCHULE anp H. D. LEWIS 
WiTH THE TECHNICAL ASSISTANCE OF T. KIsIL 
(From the Medical Service and Medical Research Laboratories, Beth Israel Hospital, 
and the Department of Medicine, Harvard Medical School, Boston) 
(Received for publication, April 21, 1949) 


Most measurements of blood carbonic anhydrase activity recorded in 
the literature have been made by the method of Meldrum and Roughton 
(1) or some modification of it. These procedures are carried out in a cold 
water bath at 10° or below. This temperature is disadvantageous techni- 
cally, and, moreover, affords no direct information as to the activity of the 
enzyme at mammalian body temperature; it is well known that low 
temperatures exaggerate the apparent activity of the enzyme markedly 
(I4). In addition, the enzyme, under some circumstances, may be 
partially inactivated at low temperature (2,5,6). Methods based on that 
of Meldrum and Roughton (1) are unsatisfactory, also, in that violent 
shaking is required to counteract the retarding effect of cold on the diffu- 
sion of the evolved gas; variations in the rate and angle of rotation of the 
shaker used give rise to apparent variations in enzyme activity. Differ- 
ences in size and shape of the vessels used also cause large differences in the 
values obtained (7). Mitchell, Pozzani, and Fessenden (8) have shown also 
that calculation of enzyme activity by means of the formula of Meldrum 
and Roughton (1) is not valid mathematically and yields misleadingly 
high values of enzyme activity. Mitchell e¢ al. found that the catalyzed 
and the uncatalyzed reactions used in the estimation of carbonic anhydrase 
activity were unimolecular in character; accordingly they introduced the 
utilization of the principle of Guggenheim (9), based on velocity constants, 
in the measurement of activity of the enzyme. The present method is 
a modification of the procedure of Mitchell et al. (8), designed to estimate 
carbonic anhydrase activity in blood at 37°. It is to be noted that the 
velocity constant of the reaction is only one of several variables in the 
method; so that the values obtained are related to, but not the same as, 
the velocity constant. 


Method 


The basis for the determination of carbonic anhydrase activity is the 
usual one of its catalysis of the decomposition of carbonic acid at approxi- 
mately pH 6.8. 


* This work was done in accordance with a contract between the Office of Naval 
Research, United States Navy, and Harvard University. 
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Reagents— 

Phosphate buffer. Solutions of 0.2 Mm monopotassium acid phosphate 
(IXKH:PQO,) and 0.2 m disodium phosphate (NazHPO,) are prepared and 
stored in separate containers. Just before use equal amounts of these 
solutions are mixed. 

Bicarbonate solution. 0.2 mM sodium bicarbonate is dissolved in 0.02 
sodium hydroxide. This solution is sealed in 20 ml. glass ampules, on 
of which is broken just before use, and the alkali mixed with an exactly 
equal quantity of distilled water. 

Apparatus—The manometric method of Meldrum and Roughton (1) 
has been adapted to the use of standard Warburg vessels, manometers, 
constant temperature water bath, and shaking apparatus, as suggested 
by Stadie et al. (10). The water bath is maintained at 37°, and the vessels 
are shaken through an are of about 30°, making 63 complete oscillations 
per minute. The rate of evolution of carbon dioxide is estimated from 
changes in pressure as read in the manometer; this rate is so rapid under the 
conditions of the method that it is directly proportional to the differences 
in manometric readings (11), and variations in the volumes of carefully 
made Warburg flasks and manometers are far too small to be of signifi- 
cance as sources of error in the present method. 

Determination of Enzyme Activity—Heparinized venous blood is used; 
this is laked and diluted with distilled water in volumetric flasks and 
brought to the dilutions (in ml.) usually used, 1:20, 1:50, and 1:200. 0.5 
ml. of diluted blood is placed in the Warburg flask; two glass beads and 1.0 
ml. of phosphate buffer are added. 1 ml. of bicarbonate solution is added 
to the side arm. For each day’s determinations a thermobarometer flask 
is prepared containing 2.5 ml. of distilled water. 

The reaction vessel containing the reagents and enzyme is attached to 
its manometer and placed in the water bath for 10 minutes of equilibration. 
It is then removed, tilted gently three times to mix the solutions and to 
rinse the side arm, and returned to the water bath. The shaker is then 
started. The manometer stop-cock is left open for varying intervals ol 
shaking, allowing the carbon dioxide rapidly evolved during the initial 
part of the reaction to escape, since the measurement of the rapid initial 
changes is inaccurate. Control reactions are allowed to proceed with the 
manometer stop-cock open for 90 seconds, catalyzed reactions with 1:200 
blood for 50 seconds, catalyzed reactions with 1:50 blood for 40 seconds, 
and catalyzed reactions with 1:20 blood for 30 seconds. After the stated 
interval, the shaker is stopped, and the manometer is rapidly adjusted 
to the zero mark, the manometer stop-cock closed, and shaker and stop- 
cock are started again. Thereafter, the shaker is stopped to permit 
manometer readings every 30 seconds for up to7 minutes. Thermobarom- 
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eter readings are made at the same time and the appropriate corrections 
applied to the readings of the reaction manometer. The recently intro- 
duced circular Warburg apparatus makes stopping of the shaker unneces- 
sary. 

The control, or uncatalyzed, reaction is observed in a similar manner, 
except that in place of blood 0.5 ml. of a 1:200 dilution of plasma in dis- 
tilled water is used. This control solution was found to give smoother 
and more consistent curves than when distilled water alone was used 
as diluent. Neither enhancing nor inhibitory effects on enzyme activity 
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Fig. 1. Logarithms of differences of paired readings of rate of elaboration of 
carbon dioxide. Curve A, control solution; Curves B, C, and D, 0.5 ml. of blood 
diluted 1:200, 1:50, and 1:20, respectively. 

Fig. 2. Calculation of value for undiluted blood by extrapolation from values 
found for three dilutions. 


were found when this or even higher concentrations of human plasma were 
used. 

All estimations were made in duplicate or triplicate, closely agreeing 
determinations being averaged. 

Calculations—Calculation of activity of each sample is made from the 
data according to the method suggested by Mitchell, Pozzani, and Fessen- 
den (8), and activity is expressed in terms of K, related to unimolecular 
velocity constants. 

Pressure readings are taken at 30 second intervals as long as measure- 
ment of the rate of evolution of gas is accurate and these are corrected 
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for thermobarometer changes. These corrected readings are then paired. 
the differences taken, and the logarithm of these differences plotted against 
time (9) (Fig. 1). As the reaction proceeds, the back reaction of hydra- 
tion becomes increasingly significant and some of the terminal points 
may have to be discarded in order to secure a straight line. The slope 
of the straight line thus obtained is multiplied by 2.303 to give the value 
K related to the velocity constant for the reaction. 

Enzyme activity is expressed as the difference (K) between Ko, the value 
related to the velocity constant of the control reaction, and K,, that related 
to the velocity constant of the reaction in the presence of the enzyme ag 
follows: 


K = K. — Ko 


Values of K for each dilution are then plotted against the logarithm 
of the amount of blood used in the experiment (Fig. 2) and a straight 








TABLE I 
Effect of Freezing and Thawing on 1:200 Dilution of Human Blood 
Experiment No. | K* before | K* immediately after 
1 | 0.20 0.11 
2 0.21 0.06 
3 | 0.21 0.14 
4 0.13 0.14 
5 | 0.16 0.11 





*K = activity. 


line drawn. By extending this line to zero dilution, an extrapolated 
value for 0.5 ml. of undiluted blood is obtained, this value being then 
multiplied by 2 to give the enzyme activity for 1.0 ml. of whole blood. 


DISCUSSION 


It is evident that values for blood carbonic anhydrase activity obtained 
at body temperature are more significant for mammalian physiology than 
those obtained at 0-10°, particularly since working in the cold exaggerates 
the apparent activity of the enzyme (1-4). Moreover, extreme cold par- 
tially inactivates the enzyme, as was shown when attempts were made in 
the present study to resort to freezing and thawing in order to avoid the 
need of laking the blood in water. When the blood was frozen at —5° 
and thawed three times, the activity of the enzyme was markedly re- 
duced (Table I). 

The findings of Meldrum and Roughton (1) showed an absence of linear 
relation between concentration of the enzyme and its apparent activity 
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when blood is tested. The data of van Goor (12), Lambie (13), Philpot 
and Philpot (14), and of the present study are in accord. It was found 
here that when blood was used in high dilution, 7.e. 1:200, the calculated 
activity per ml. of whole blood found was greater than in lower dilution, 
ie. 1:20 or 1:50. However, when the logarithm of the amount of blood 
used was plotted against the activity found, a straight line could be drawn. 
Extrapolating this line to zero dilution gave the activity of 0.5 ml. of un- 
diluted blood. The advantage of using the activity of undiluted blood 
for comparison of one specimen with another is apparent; it eliminates 
errors Which might arise through the use of variously diluted bloods in 
the case of anemia or polycythemia. It might be considered that extra- 
polation introduces significant errors, as indeed it does; such errors are 
smaller, however, than those caused by basing conclusions on observations 
made only at high dilutions, as is the rule in methods previously described. 


TABLE II 


Observations in Forty-Two Normal Subjects 





Range Average 

Hematocrit, % erythrocytes...............00008. 38.0 -56.0 45.2 
Hemoglobin, gm. per ml. blood eS 0.133- 0.199 0.138 
Erythrocytes, billions per ml. blood....... 3.82 - 5.93 | 4.87 
Carbonic anhydrase, units per ml. blood.......... . 1.2 - 2.6 1.8 

_ = eR OS “OP YtRTOCINES .. x. .| 2.6 - 5.8 4.05 

" si “e 8 gm. hemoglobin . 8 -17 13 

. ai a 0.56 0.37 


‘* billion erythrocytes ... 0.25 - 


| 
| 


The need for violent shaking to insure adequate diffusion of the gas 
evolved is obviated by the use of a high bath temperature. 

By the present method and with the calculations used here the carbonic 
anhydrase activity is 1.2 to 2.6 (mean 1.8) units per ml. of normal blood 
(Table II; Fig. 3); 7.e., the value related to the velocity constant of the 
reaction which occurs when 1 ml. of blood causes the release of carbon 
dioxide from the reaction mixture is 1.2 to 2.6 times greater than that of 
the uncatalyzed reaction. Since all of the enzyme is within the red blood 
cells, its concentration might be expressed as 2.6 to 5.8 units per ml. of 
erythrocytes (average 4.05) (Table II). In agreement with the findings of 
Booth (15) no evidence of an inactivator was found in human plasma. The 
activity of the enzyme found here is almost certainly somewhat lower than 
the activity of the enzyme as it exists in the erythrocytes of the body, 
for the reaction mixture has a final pH of 6.90, a level at which carbonic 
anhydrase activity is decreased to some extent. 
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Data on the influence of various ions upon carbonic anhydrase activity 
have been reviewed by Roughton and Booth (16), who made extensive ad. 
ditional observations; it is clear that the chemical environment in which 
the enzyme is placed in the method here described is so markedly different 
from that which obtains in the red blood cell as to make it impossible to 
estimate the quantitative effects of the action of carbonic anhydrase jp 
intact blood from results obtained with methods of the type described here. 
The work of Mitchell et al. (8) removed some of the mathematical inyal- 
dities from the earlier methods. The present method removes invalidities 
due to low temperature and to the lack of linear relation between enzyme 
concentration and its activity. However, conclusions as to the amount of 
acceleration caused by carbonic anhydrase in the hydration of carbon di- 
oxide in the blood in vivo cannot be made from data now available. 




















if 1 #6 6 O° C2 eA SE 
UNITS PER ML. BLOOD 


Fig. 3. Carbonic anhydrase activity of whole blood in forty-two normal sub- 
jects. The solid squares indicate men; the clear squares women. 


SUMMARY 


A method, in which a value related to unimolecular velocity constants 
is employed, has been devised for measuring carbonic anhydrase activity 
of blood at body temperature with standard Warburgapparatus. Ithasthe 
advantages of eliminating some errors inherent in earlier methods, such as 
those consequent to low temperatures, lack of linear relation between en- 
zyme concentration and activity, and mathematical invalidity of calcula- 
tions used. On the other hand it affords no true indication of activity of 
the enzyme in vitro because of the differences in pH and in ionic constitu- 
tion of the media used as against the interior of erythrocytes in blood. 
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8S. COOK 


(From the Division of Chemistry and Biochemistry, Institutum Divi Thomae, 
Cincinnatt) 


(Received for publication, March 14, 1949) 


Our earlier observations (1), extended in the present report, had indi- 
cated that the aerobic succinoxidase system was more sensitive to phen- 
ylmercuric nitrate than the anaerobic succinic dehydrogenase system. 
Slater in a preliminary communication (2) called attention to a similar 
difference in sensitivity to p-chloromercuribenzoic acid. In studies of 
protection against mercurial inhibition by thiol compounds we noted the 
difference in response of the anaerobic and aerobic systems as well as the 
depressing effects of the thiols themselves on the aerobic system. Slater 
(3) and Barron et al. (4) meanwhile have reported similar effects for BAL 
and other dithiols. In addition we have noted an enhanced toxicity 
of cysteine and mercurial towards the aerobic system under certain condi- 
tions. Part of our results, although obtained independently and often 
with different compounds, are thus essentially confirmatory and will be pre- 
sented only briefly. 


EXPERIMENTAL 


Succinic Dehydrogenase System—The succinic dehydrogenase activity 
was determined by the Thunberg methylene blue technique as described 
by Green and Dixon (5). Control tubes contained 0.9 ml. of a methylene 
blue solution (made from 8.0 ml. of 1:5000 methylene blue plus 6.0 ml. of 
0.2 m phosphate buffer, pH 7.2), 0.1 ml. of 0.01 m sodium succinate, 1.0 ml. 
of phosphate buffer (pH 7.2), and 1.0 ml. of enzyme-containing tissue ex- 
tract. The tissue extract was placed in the hollow stopper and was tipped 
into the substrate-methylene blue solution after evacuation (5 minutes) 
and equilibration (10 minutes). The temperature of the water bath was 
37.5°. In the experimental tubes, 0.5 ml. of the mercurial compound so- 
lution replaced 0.5 ml. of buffer, and in experiments for testing protection 
0.5 ml. of cysteine hydrochloride solution replaced a further 0.5 ml. of the 
phosphate buffer. These solutions were prepared in phosphate buffer at 
pH 7.2. 
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Succinoxidase System—The activity of the succinoxidase system 
was measured manometrically by the method of Schneider and Potter (6). 
The center well of the flasks contained 0.2 ml. of 2 N sodium hydroxide. 
The large chamber contained 0.4 ml. of 10-* m cytochrome c (referred to g 
molecular weight of 16,500), 0.3 ml. of 0.5 m sodium succinate (reerys. 
tallized), 0.3 ml. of 4 XK 10-* m calcium chloride, 0.3 ml. of 4 x 10-3 " 
aluminum chloride, and 0.4 ml. of enzyme-containing tissue extrac 
Control flasks contained 1.3 ml. of phosphate buffer, pH 7.4. In the ex. 
perimental flasks, materials to be tested for their effect on the enzyme 
activity were added to the contents of the flasks in place of phosphate buffer. 
Glass-distilled water was used in making solutions of the chemicals. 

The enzyme for both systems was prepared from the hearts of 6 to 12 
month-old albino rats and used as crude tissue extracts. The heart was 
ground in a mortar with sand and for every gm. of tissue 10 ml. of phos. 
phate buffer were added. For the succinoxidase studies the tissue sus- 
pension was filtered through cheese-cloth and 2.0 ml. were diluted with 
4.6 ml. of glass-distilled water. For the succinie dehydrogenase studies 
the tissue suspension was centrifuged and used without dilution. 

Cytochrome c¢ was prepared from beef hearts according to the pro- 
cedure described by Keilin and Hartree (7), except that the enzyme was 
dialyzed against glass-distilled water instead of 1 per cent sodium chloride 
solution. 

The basic phenylmercuric nitrate and phenylmercuric hydroxide were 
obtained from The Hamilton Laboratories, Inc. p-Chloromercuribenzoic 
acid was supplied by the Schaefer Laboratories. 1-Cysteine hydrochloride 
was obtained from General Biochemicals, Inc. Thioglycolic acid was a 
product of the Fisher Scientific Company. Stock solutions of the mate- 
rials were made in distilled water. 1L-Cystine, obtained from the East- 
man Kodak Company, was dissolved in hydrochloric acid and the pH of 
the solution was adjusted to 7.4 with 2 N sodium hydroxide to give a con- 
centration of 5 X 10-* m. Dilutions of all stock solutions were made in 
phosphate buffer (pH 7.2 for the dehydrogenase and pH 7.4 for the oxidase 
system). All concentrations of these materials recorded in this paper refer 
to final concentrations in the flasks or tubes. 


Results 


Succinic Dehydrogenase System—The depression of the anaerobic system 
by phenylmercuric nitrate, phenylmercuric hydroxide, and p-chloromer- 
curibenzoic acid is illustrated by the data in Table I, which gives the 
concentrations of the mercurials causing approximately 50 per cent de- 
pression as derived from experiments in which the concentrations were 
varied from 10-* m to 5 X 10-' mM. Incubation of the enzyme with the 
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TABLE I 


Molar Concentration of Mercury Compounds Causing 50 Per Cent Depression 
of Succinic Dehydrogenase and Succinoxidase Systems 





Phenylmercuric Phenylmercuric | -Chloromercuri- 

nitrate hydroxide benzoic acid 

Succinic dehydrogenase... ....| 82% 10% | 7.5 x 10°% 4.0 X 1075 
ID shc6 ior wee | 3.6 X 107 5.0 X 10* | 7.5 x 10-5 





280) 
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30 60 90 120 
MINUTES 
Fig. 1. Action of phenylmercuric nitrate, cysteine, and cystine on the succin- 
oxidase system. Basic phenylmercuric nitrate, 2.5 X 10-* M, present from the start; 
succinate added at 30 minutes. Curve I, control; Curve II, phenylmercuric nitrate 


present; Curve III, phenylmercuric nitrate and 10-‘ m cysteine present; Curve IV, 
phenylmercuric nitrate and 5.0 X 10-* cystine present. 
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mercurial for 15 minutes increased the degree of inhibition by 30 to 59 
per cent. 

Incubation of the mercurial (10-5 m to 6 X 10-5 m) with 10~ M or lower 
cysteine (higher concentrations decolorize methylene blue) before adding 
to the enzyme afforded protection, the degree of which varied with the 
relative concentrations of thiol and mercurial; molar concentrations of 
cysteine 5 to 10 times that of the mercurial were necessary for protec. 
tion. Cysteine was unable to reverse the depression obtained after a 15 
minute incubation of the enzyme with the mercurial. Cystine in concen- 
trations of 10-* m or lower (higher concentrations depressed) did not 
affect the inhibition caused by the mercurial. 

Succinoxidase System—Table I shows that, under the conditions of the 
experiments, the aerobic system is considerably more sensitive to the 
mercurials than is the anaerobic, which is in accord with our earlier results 
(1) and those of Slater (2). In the aerobic system, unlike the anaerobic, 
cysteine afforded no protection against the mercurial inhibition even when 
present in 40 m excess. On the contrary, cysteine, in concentrations of 
10-* m to 10-5 m which in themselves did not affect the system, caused 
added depression when added simultaneously with the mercurial prior 
to the equilibration period, as illustrated in the typical experiment of 
Fig. 1, Curves I, II, and III. Incubation of the mercury compound with 
cysteine prior to addition to the system caused the same degree of in- 
hibition as the mercurial alone. However, 10~‘ m thioglycolic acid afforded 
about 35 per cent protection against phenylmercuric nitrate (2.5 to 6.0 X 
10-* m). 

Cystine in non-depressing concentrations (5.0 X 10-* m) added to the 
mercurial depression by about the same amount as an equivalent con- 
centration of cysteine (Fig. 1). 


DISCUSSION 


The greater sensitivity of the aerobic system as compared with the 
anaerobic is attributed by Slater (2) not only to a combination of the 
mercurial inhibitor with the sulfhydryl group of the dehydrogenase but 
also to an effect on the protein particles of the enzyme preparation affect- 
ing the accessibility of the succinic dehydrogenase to cytochrome oxidase. 
This is in harmony with unpublished observations in our laboratory that 
the cytochrome oxidase system with ascorbic acid as a substrate is about 
as sensitive to the three mercurials as the anaerobic succinic dehydro- 
genase system. Mercurial concentrations of the order of 10-° m, with 
only slight effect on the succinic dehydrogenase and cytochrome oxidase 
system, completely inhibited the succinoxidase system. Slater also re- 
ported p-chloromercuribenzoic acid to have some effect on cytochrome 
oxidase (2). 
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The ability of cysteine to protect against mercurial inhibition in the 
anaerobic but not in the aerobic system accords with the results of Hop- 
kins and Morgan (8) and Barron and Singer (9) on the one hand, and of 
Potter and DuBois (10) and Ames and Elvehjem (11) on the other. Slater 
(3) suggests that in the presence of air the thiols inactivate the succin- 
oxidase system by destroying a factor linking succinic dehydrogenase with 
cytochrome oxidase. Applying this suggestion to our results on the joint 
effects of thiols and mercurials in the aerobic system, one could postulate 
that the thiol compound would compete for reaction with the mercurial 
and the “linking factor” and that different thiol compounds would vary in 
their ability to protect the system or to inhibit it. Thus, the behaviors 
of cysteine and of thioglycolic acid differ. The additional inhibition 
caused by non-inhibitory concentrations of cysteine in the presence of 
the mercurials (unless incubated with them) may indicate that the mer- 
curial has not only cut the effective concentration of the dehydrogenase 
but that by the action of mercurial and thiol sufficient linking factor has 
been destroyed or the accessibility of succinic dehydrogenase to cytochrome 
oxidase has been impaired so as to cause further inhibition. 

That the oxidation of cysteine is involved in the inhibition of the aerobic 
system is suggested by the fact that 5.0 X10 —° m cystine produced a similar 
added inhibitory effect to 10-* m cysteine (Fig. 1). This accords with 
Slater’s results (3) and with the findings of Barron et al. (4) that oxi- 
dized BAL inhibits succinoxidase and that the inhibitory action of dithiols 
on succinoxidase is correlated with the ease of oxidation of the dithiols. 


SUMMARY 


1. The succinoxidase system is more sensitive than the anaerobic suc- 
cinic dehydrogenase system to the inhibitory action of basic phenylmer- 
curi¢e nitrate, phenylmercuric hydroxide, and p-chloromercuribenzoic acid. 

2. In proper concentrations cysteine, thioglycolic acid, and cystine de- 
press the succinoxidase system and cystine depresses the anaerobic system. 
In lower concentrations none of the thiol compounds depresses either 
system. 

3. Cysteine, when present with the mercurials and the anaerobic en- 
zyme system, protects against the depression caused by the mercurials. 
In non-depressing concentrations it does not protect the aerobic system 
but, on the contrary, causes added depression. The added depression of 
the aerobic system is avoided if the cysteine is incubated with the mer- 
curial prior to their addition to the enzyme system. Thioglycolic acid 
affords partial protection of the aerobic system against the mercurials. 

4. Cystine in concentrations which alone do not affect the anaerobic 
system has no effect on the depression caused by the mercurials. In the 
aerobic system concentrations of cystine which do not depress in them- 
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selves cause an added depression when present with the mercurials, thys 
resembling cysteine. 


5. These findings are discussed in the light of the possible effects of the 
mercurials on the accessibility of the succinic dehydrogenase to the cyto- 
chrome oxidase and of the thiol compounds on a factor linking the succinic 


dehydrogenase and cytochrome oxidase systems. 
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(Received for publication, April 9, 1949) 


S-Benzylhomocysteine, containing isotopic atoms, has proved to be 
a key intermediate in the synthesis of labeled methionine and related 
compounds (1). The need of the optically active isomers of these tagged 
compounds for various metabolic investigations has prompted us to work 
out a method for the resolution of S-benzylhomocysteine which would be 
particularly suitable for small quantities of S-benzylhomocysteine likely 
to be used in syntheses of this compound labeled with isotopes. 

The success which attended the use of papain in the resolution of pL- 
methionine by Dekker and Fruton (2) encouraged us to explore the possi- 
bilities of this method for the preparation of the optically active isomers 
of S-benzylhomocysteine. When N-acetyl-S-benzyl-pt-homocysteine was 
incubated with aniline in the presence of cysteine-activated papain, N- 
acetyl-S-benzyl-L-homocysteine anilide crystallized in high yield. From 
the filtrate, there could be isolated N-acetyl-S-benzyl-p-homocysteine 
also in excellent yield. Recrystallization to satisfactory rotation gave 
a yield of 80 per cent for the L isomer and 89 per cent for the D isomer. 
Acid hydrolysis of these isomers has produced S-benzyl-Lt-homocysteine 
and S-benzyl-p-homocysteine of satisfactory purity in excellent yields. 
This enzymatic resolution method is equally effective with large or small 
amounts of S-benzyl-pt-homocysteine. 

S-Benzyl-p-homocysteine has previously been prepared by du Vigneaud 
and Patterson (3) through the fractional crystallization of the brucine 
salts of the N-formyl derivatives of S-benzyl-pt-homocysteine. More 
recently, Dekker and Fruton (2) obtained S-benzyl-t-homocysteine by 
the acid hydrolysis of carbobenzoxy-L-methioninanilide from the en- 
tymatic resolution of carbobenzoxy-pL-methionine. 


EXPERIMENTAL 


N-Acetyl-S-benzyl-pu-homocysteine—To a solution of 10 gm. (0.044 
| mole) of S-benzyl-pL-homocysteine in 13.2 cc. of water and 22.2 cc. of 


*The authors wish to thank the Lederle Laboratories Division, American Cy- 
snamid Company, for a research grant which has aided greatly in this work. 
t Student of the Government of India. 
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2 N sodium hydroxide were added 106 cc. of 2 N sodium hydroxide and 
10.6 cc. of acetic anhydride in ten portions during an interval of about 
15 minutes. The reaction mixture was kept in an ice bath and stirred 
continuously during this time. After the mixture was stirred for an addi- 
tional 20 minutes at room temperature, 47.7 cc. of 6 N sulfuric acid were 
added and the mixture was cooled. The crystals of N-acetyl-S-benzyl- 
pi-homocysteine were collected on a filter and washed with 33 cc. of 0.2 
N hydrochloric acid and finally with water. The compound was crystal- 
lized from 15 per cent ethanol. A yield of 10.5 gm. (88 per cent of the 
theoretical amount) was obtained; m.p. 113.5-114.5°. 


Ci3Hi70;NS. Calculated. N 5.24, 8S 11.99 
267.34 Found. “* 5.10, “* 11.96 


Enzymatic Synthesis of N-Acetyl-S-benzyl-L-homocysteine Anilide—To 
9.9 gm. (0.037 mole) of N-acetyl-S-benzyl-pL-homocysteine were added 
25 cc. of 1.08 N sodium hydroxide and 6.88 gm. (0.074 mole) of aniline. 
The undissolved material was brought into solution by adding 150 ce. of 
0.2 m citrate buffer (pH 5.0) and warming the mixture. To this solution, 
cooled to room temperature, was added 0.56 gm. of L-cysteine hydrochloride 
dissolved in 20 cc. of buffer. A solution obtained by extracting 2.8 gm. 
of crude papain (dried papaya latex)? with 26 cc. of water was then in- 
troduced, followed by 114 cc. of buffer. Separation of the anilide began 
immediately. The flask was shaken vigorously to induce crystallization 
and then placed in a constant temperature room at 40° for 3 days. 6.23 
gm. of crystalline product were obtained. A satisfactory purification 
could be effected by dissolving this material in hot acetone, filtering through 
a layer of norit, and evaporating the solvent. The solid remaining pos- 
sessed a specific rotation of [a]*? = —24.0° (1 per cent in glacial acetic 
acid). After two recrystallizations from a 1:1 acetone-water mixture, 
5.05 gm. of needle-like crystals melting at 152.5° were obtained; [a]? = 
—24.9°. 

CisH20.N:8. Calculated. N 8.18, S 9.36 
342.45 Found. “ 8.19, “* 9.08 


N-Acetyl-S-benzyl-p-homocysteine—The filtrate from the enzymatic 
synthesis of N-acetyl-S-benzyl-t-homocysteine anilide was heated to 
boiling to coagulate the proteins, cooled, and then treated with norit. 
The yellow filtrate was concentrated in vacuo to approximately 100 ce. 
After acidification to Congo red with concentrated hydrochloric acid, 
N-acetyl-S-benzyl-p-homocysteine separated as an oil, which crystallized 


1 All melting points are corrected. 
* Generously supplied by the Wallerstein Company, Inc., New York. 
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readily when it was cooled and scratched. The crystals were collected, 
washed with water, and dried over phosphorus pentoxide. A yield of 
4.65 gm. was obtained. A solution of this material in 15 per cent ethanol 
was decolorized with norit, filtered, and cooled. 3.95 gm. of crystalline 
product were obtained, m.p. 131°. The specific rotation of a 1 per cent 
solution in glacial acetic acid was [a]?! = —14.6°. A second recrystal- 
lization did not change the specific rotation. 


C,3H,70;NS. Calculated. N 5.24, Ss 11.99 
267 .34 Found. ‘© 4.94, ** 11.54 


S-Benzyl-L-homocysteine—A suspension of 5.0 gm. (0.0146 mole) of 
N-acetyl-S-benzyl-t-homocysteine anilide, [a]?! = —24.9°, in 350 ce. of 
6 n hydrochloric acid was heated under a reflux for 6 hours. The re- 
sulting solution was concentrated in vacuo until solid material began to 
separate. This solid was redissolved by adding water and the solution 
was decolorized with norit, filtered, and made alkaline to Congo red and 
acid to litmus with ammonia. After being cooled for a few hours, the 
white crystals were collected and washed with ice water, followed by alcohol 
and ether. The yield of material possessing a specific rotation of [a]?! = 
+22.9° (1 per cent in 1 N hydrochloric acid) was 3.1 gm. (95 per cent of the 
theoretical amount). 3.0 gm. of this material were recrystallized from 
boiling water to give 2.6 gm. of crystalline product melting at 241-244°; 
[aj = +23.7°. Du Vigneaud and Patterson (3) obtained a rotation of 
a)” = —25° (1 per cent in 1 N hydrochloric acid) for S-benzyl-p-homo- 
cysteine prepared by fractional crystallization of the brucine salts of the 
N-formy] derivatives of S-benzyl-pL-homocysteine, while the product ob- 
tained by Dekker and Fruton (2), by the acid hydrolysis of carbobenzoxy- 
L-methioninanilide from the enzymatic resolution of carbobenzoxy-DL- 
methionine, possessed a melting point of 243-244° and a rotation of [a]?° = 
+27.2° (1 per cent in 1 N hydrochloric acid). 

Cy.H;O2.NS. Calculated. N 6.22, 8 14.25 
225.30 Found. “ 6.04, “ 14.31 


S-Benzyl-p-homocysteine—2.67 gm. of N-acetyl-S-benzyl-p-homocysteine, 
(a]*# = —14.6°, were hydrolyzed with 150 cc. of 6 N hydrochloric acid by 
the same procedure as that used for N-acetyl-S-benzyl-L-homocysteine 
anilide. From the hydrolysate, 2.17 gm. (96.4 per cent of the theoretical 
amount) of S-benzyl-p-homocysteine were obtained; [a]?? = —22.4° (1 
per cent in 1 n hydrochloric acid). After one recrystallization from boil- 
ing water, 1.8 gm. of crystals melting at 240-243° were obtained; [a]? = 
232°. 

CyHi;02NS. Calculated. N 6.22, 8 14.25 
225.30 Found. ‘© §.96, ‘* 14.29 














574 S-BENZYLHOMOCYSTEINE 


SUMMARY 


The resolution of S-benzyl-pL-homocysteine by the action of papain on 
a mixture of N-acetyl-S-benzyl-pL-homocysteine and aniline has been 
presented. The anilide of the L isomer separates in crystalline form from 
the incubation mixture, and: N-acetyl-S-benzyl-p-homocysteine may be 
isolated from the filtrate, both in excellent yield. Acid hydrolysis of 
these isomers produces S-benzyl-t-homocysteine and S-benzyl-p-homo- 
cysteine in excellent yields. The adaptability of this method to the resoly- 
tion of S-benzylhomocysteine containing isotopes has been pointed out. 
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The Harden-Young effect of cell-free alcoholic fermentation is charac- 
terized by tio kinetic phenomena: first, stoichiometric accumulation of 
hexose phosphates (hexose diphosphate and hexose monophosphate),' 
simultaneously with the fermentation of sugar, and secondly, a sudden 
decrease in the rate of fermentation after the free phosphate or the free 
sugar is exhausted. This effect is not observable in living yeast but only 
in preparations of dead yeast and is most pronounced in yeast extracts 
(press juice, Lebedev maceration juice, juice from yeast frozen in liquid 
air). It was shown some years ago (1) that the reason for the appearance 
of the effect is the inactivation of most of the ATPase or “‘apyrase” by the 
extracting procedure. In the presence of apyrase of potatoes, the effect 
isabsent; z.c., HDP ferments with the same speed as glucose. On the addi- 
tion of apyrase after the break the fermentation curve of free sugar rises 
to the speed in the first period. 

To elucidate these points further, it seemed worthwhile to try killing 
the yeast without damaging the ATPase? and to apply to such a prepa- 
ration those substances which were recently found to be inhibitory to several 
types of ATPase (2, 3). The Harden-Young effect should be absent in 
such a yeast, but the application of these inhibitors might induce the 


* This work was aided by grants from the American Cancer Society, recommended 
by the Committee on Growth of the National Research Council, the Division of 
tesearch Grants and Fellowships of the National Institutes of Health, United States 
Public Health Service, and the Rockefeller Foundation. 

1 Abbreviations used, HDP = hexose diphosphate; ATP = adenosine triphos 
phate; ADP = adenosine diphosphate; ATPase = adenosine triphosphatase, splitting 
one labile phosphate group; apyrase = adenylpyrophosphatase, splitting both labile 
phosphate groups; pyro P = the difference between 7 minute P and direct P; DPN = 
diphosphopyridine nucleotide or cozymase. 

* Formerly (1), the ATP-splitting enzyme of yeast was called ‘“‘apyrase.’’ How- 
ever, it was since found that with the purified enzyme only the first labile P group 
was split with great speed, the second group slowly. Because with further purifica- 
tions probably only the first group would be split, this enzyme is now called ATPase 
according to the definition given in foot-note 1. 
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Harden-Young effect. Moreover, this study promised to shed light op 
the actual physical state of the ATPase in living yeast. 

In the previous paper on this subject (1) it was assumed that Nilsson’s 
so called ‘‘intakte Trockenhefe” (intact dry yeast) (4) was actually a yeast 
of the desired type and that the various procedures which he used to pro. 
duce a break in the fermentation curve destroyed a large part of the ATP. 
ase. However, he misinterpreted his own results, and cn account of his 
findings rejected the fermentation scheme worked out by the present 
writer (5). 

Such an intact dry yeast was relatively easily obtained from American 
brewers’ yeast. The application of the recently descrited ATPace inhibi. 
tors to this preparation gave the predicted results in a very satisfactory 
manner. 


Methods and Procedures 


For the experiments Schmidt’s brewers’ yeast’ was used. The same type 
of dried yeast was also obtained from Ballantine’s brewers’ yeast. The 
yeast, after thorough washing with tap water, was suspended in a small 
volume of water; oxygen was bubbled through overnight in the cold room. 
This served to decrease the amount of storage material and to lower the 
autofermentation of the dry yeast. 

After the yeast had been sucked as free of water as possible on a Biich- 
ner funnel, it was spread in a very thin layer on filter paper and warmed 
to 30-35°, so that it was completely dry after 4 hours. Such a yeast, 
which has undergone very little autolysis, has the desired properties of in- 
tact dry yeast, but, in distinction to the living cell, it is permeab!e to phos- 
phate, arsenate, coenzymes, and phosphate esters. 

In most experiments the dry yeast was resuspended in 12 volumes of 
water and used as such. In some cases it was subjected to sonic vibration 
by means of a Raytheon 9 ke. magnetostriction oscillator (type R-23-3, 
made of stainless steel and equipped with a water cooling system through 
which ice water flowed during the time of vibration). 2 gm. of dry yeast 
were suspended in a solution containing 12 cc. of water, 5 cc. of 0.1 
glutathione, and 1 cc. of 5.2 per cent NaHCOs, and vibrated for 110 to 120 
minutes. 

Carbon dioxide was measured by Warburg’s manometric technique at 
29° in vessels of about 35 cc. capacity with two side arms. Sugar and the 
coenzymes were tipped in from one side. The gas space was filled with N; 
+ 5 per cent COs. 

Phcsphate was determined by the Lohmann-Jendréssik modificaticn (6) 


* I thank C. Schmidt and Sons, Inc., Philadelphia, and P. Ballantine and Sons, 
Newark, New Jersey, for ample supplies of fresh brewers’ yeast. 
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of the Fiske-Subbarow procedure with an Evelyn photoelectric colorim- 
eter and a 660 mz filter. For the experiments on phosphorylation and 
ATPase inhibition, the yeast was shaken either in manometric vessels or 
in a similar device during the time of incubation. Otherwise the yeast 
clumped together and the measurcment became inaccurate. 


Results 


The strong inhibitions of the adsorbed ATPase of the quickly dried 
yeast by saturation with octyl alcohol, toluene, and phenylurethane are 
shown in Table I (Samples 6 to 8) (inhibitions of 65 to 75 per cent). Smal- 
ler inhibitions (40 to 45 per cent) are caused by saturation with decy] al- 
cohol and by 0.25 per cent digitonin. There is very little inhibition by 
saturation with tolylurea. 

This contrasts with the effects on the dissolved ATPase of yeast with 
which octyl alcohol, toluene, and phenylurethane show no inhibition, and 
even some activation while in yeast frozen in liquid air; in yeast subjected 
to sonic vibration the ATPase is somewhat inhibited, although to a vari- 
able extent (Table I, Samples 3 and 4). It was recently shown (2, 3) that 
the same substances strongly inhibit the ATPase of malignant tumors, 
even in a dissolved or finely dispersed state. 

Most of the pertinent features of fermentation of this type of dry yeast 
may be seen from Figs. 1 to 4. The fermentation rate of glucose (Fig. 1, 
Curve G) is practically constant until the amount of CO. formed (in ex- 
cess of the blank value) is nearly equivalent to the sugar added: 8 mg. of 
sugar = 2000 c.mm. of COQ, (arrow, Fig. 1). After a short transition period 
in which the remainder of the added sugar is exhausted (between 30 and 
35 minutes), the course corresponds to the autofermentation shown by the 
blank (Curve B) in the absence of glucose. The fermentation rate of glu- 
cose is independent of the concentration of inorganic phosphate (below 
0.1m). In Fig. 1, Curve G, 500 y of P of inorganic phosphate per 1.6 cc. 
were already present in the yeast (61.5 mg. dry weight). In a parallel 
experiment, in which the phosphate content was more than doubled by 
the addition of 620 y of P of inorganic phosphate, the curve was identical. 
Only when 3 mg. of P of inorganic phosphate or more were added was the 
rate somewhat diminished. However, the situation was quite different 
after inhibition of the ATPase. With added octyl alcohol, the curve of fer- 
mentation depends on the amount of phosphate. Curve O shows fermenta- 
tion with added octyl] alcohol in the presence of the 500 7 of P of inorganic 
phosphate contained in the yeast. Curves O + P and O + 2P correspond 
to the further addition of 770 and 1440 y of P of inorganic phosphate respec- 
tively. The addition of 770 y of P allows the formation of 2.5 X 10-? equiva- 
lents of ester phosphate, and should correspond to 560 c.mm. of extra CO, 
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according to the Harden-Young equation. Actually 480 c.mm. of CO, are 
formed (difference between the ordinates for Curve O and Curve 0 + p 


TaBleE I 
Inhibition of Yeast ATPase 
ATP added = 145 7 of pyro P = 4.7 um. 
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in the second, slow period). The same proportion holds for smaller 
amounts of inorganic phosphate. If, however, the added amount is fur- 
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ther increased (as in Curve O + 2P), then very little more CO, is formed 
n the rapid period. This again is in accordance with the Harden-Young 
diect, because now one-half of the added free sugar has been fermented, 
gual to 1000 c.mm. of CO, and the second half is esterified to hexose 


shosphate, so that no free sugar remains available. 


























Fie. 1. Fermentation of glucose by quickly dried yeast. 8 mg. of glucose added 
corresponding to 2.0 ec. of CO. Gas space, Ne + 5 per cent CO». All samples 
contain 0.75 ce. of yeast suspension (61.5 mg., dry weight) made up to 1.0 cc. by 
various additions in the main compartment. At zero time 0.6 cc. of a solution is 
tipped in from the side arm with the following ingredients: 8 mg. of glucose, HDP 
containing 30 y of P, 400 y of DPN, ATP with 65 y of pyro P, 1.5 mg. of acetaldehyde, 
6mg. of Mg as MgSQ,. In Curves B and B + A the same solution without glucose. 
Solid curves: Curves G, B, and B + A, no further additions; Curve O, saturated 
octyl aleohol; Curve O + P, saturated octyl alcohol + 0.25 ce. of 0.1 m KH2PO,; 
Curve O + 2P, saturated octyl alcohol + 0.25 ec. of 0.2 m KH:PO,. Dotted curves: 
Curve A, 0.25 ec. of 0.04 m arsenate; Curve A + O, 0.25 ce. of 0.04 M arsenate with 
saturated octyl alcohol. The arrow at 2 cc. shows the maximum amount of CO; 
which can form from the added glucose. 


By the addition of arsenate it can be strikingly demonstrated that octyl 
alcohol and toluene do not inhibit other enzymes besides the ATPase. 
Tt) . . . . 
fermentation in the presence of arsenate differs from ordinary fermenta- 
tion only in the formation of l-arseno-3-phosphoglyceric acid instead of 
|,3-diphosphoglyceric acid (7) and by the spontaneous dephosphorylation 
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of phosphopyruvate by way of ADP and the “‘coupling reaction” (8). Ajj 
the enzymatic steps are the same in both cases except that the transphos. 
phorylase from 1 ,3-phosphoglyceric acid to ADP and the ATPase are not 
needed. In the presence of arsenate, the fermentation of our dry yeast js 
not inhibited by octyl alcohol, toluene, and phenylurethane. Ax tually it 


is somewhat increased in the rapid period (see Fig. 1, Curves A and A 4 
O). (The blank rate with arsenate (Curve B + A) soon slows consider. 
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Fic. 2. Rate of fermentation of quickly dried yeast. Set up similar to the experi 
ment in Fig. 1. All samples contain 0.5 cc. of yeast suspension (41 mg., dry weight 
0.4 cc. of boiled yeast juice and 0.3 cc. of additions in main compartment. At 
zero time 0.7 cc. of a solution is tipped in containing the same amounts as in the ex- 
periment in Fig. 1, but only 200 y of DPN. Solid curves: Curve G, no further addi- 
tion; Curve T, saturated toluene; Curve B, blank without glucose. Dotted curves: 
with 0.15 cc. of 0.04 m arsenate per sample, Curve A, arsenate alone; Curve T + A, 
arsenate with saturated toluene. 


ably and, accordingly, the curves with sugar also become horizontal after 
50 to 60 minutes.) 

A similar result is obtained with all ATPase inhibitors. This can be 
seen in Figs. 2 and 3 where the speed (c.mm. of CO: per 5 minutes) is 
reproduced for the various cases cited. In Fig. 2 with to!uene (Curve T) 
and Fig. 3 with phenylurethane (Curve P) the initial speed of the arsenate 
samples is actually increased (Curves T + A and P + A,as in Fig. 1, Curve 
A + QO); the rates, therefore, fall off sooner because of the more rapid ex- 
haustion of the added sugar. 
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The analysis of the phosphate turnover simultaneously with the measure- 
ment of CO. confirms the conclusion that it is not the transphosphorylase 
but the ATPase that is inhibited, and that this inhibition causes the break 
in the fermentation curves. In the absence of the inhibitors the inorganic 
phosphate does not change, or it increases slightly as a result of decomposi- 
tion of stored phosphate esters, while with the inhibitors a strong esterifica- 
tion occurs. The ester consists of from one-half to two-thirds of HDP, 
the remainder being hexose monophosphate. Such an experiment is 
shown in Fig. 4 and the analysis of HDP by means of zymohexase is given 
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Fic. 3. Rate of fermentation of quickly dried yeast. All samples contain 0.75 ce. 
of yeast suspension (62 mg., dry weight), no boiled juice, and the same additions 
asin the experiment of Fig. 1. Solid curves: Curve B, blank without glucose; Curve 
G, only glucose; Curve P, glucose with saturated phenylurethane. Dotted curves 
with 0.15 ec. of 0.04 m arsenate: Curve A, arsenate alone; Curve P + A, arsenate 
with saturated phenylurethane. 


in Table II. For the experiments reproduced in Fig. 4 several parallel 
runs were made, and every 10 minutes a vessel was removed for phosphate 
determination ; the disappearance of inorganic phosphate is drawn in dotted 
lines (additional experiments are given in Table II). 

Some qualifications may be mentioned: our quickly dried yeast does not 
come into equilibrium with the phosphate compounds outside the cells 
as readily as do yeast preparations which are made comp’'etely permeable 
by autolysis or by freezing in liquid air (1). Nj, of fermentation for the 
rapid period is about 70 at 29°, depending on the concentration of coen- 
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zymes, but Qp for ATPase‘ is only about 30, presumably because ATP 
does not enter the cells quite freely. 
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Fic. 4. Fermentation of glucose and phosphate turnover. 


corresponding to 2.0 cc. of CO: (arrow). 


disappearance of inorganic phosphate (y of P per sample) is drawn downward 
curves). Composition similar to experiment in Fig. 2. All samples contain ( 
of yeast suspension (41 mg., dry weight), 0.4 cc. of boiled juice, 0.5 ec. of 
At zero time 0.5 cc. of a solution ¢ 
following ingredients is tipped in: 8 mg. of glucose, HDP with 30 4 
DPN, ATP with 64 y of pyro P, 1.5 mg. of acetaldehyde, 6 mg. « 
CO,. Dotted curves: inorganic phosphate. 
addition; Curves T, toluene; Curves O, octyl alcohol; Curves B, blank without 
cose. The arrow at the bottom (I. P. level) indicates the total amount of i 


HO in the main compartment. 


Solid curves: 


phosphate available for esterification. 


about 25 and is very little increased by arsenate. 
which are freely permeable, HDP ferments as quickly as free sugar in the 


‘Qp = c.mm. of H3PQ, split off from ATP at 30° in 1 hour per mg. of dr 


of yeast (22.4 c.mm. = 31 y of P). 
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presence of arsenate; or with an excess of ATPase even in the absence of 
arsenate (1). 

Probably for the same reason, the amount of hexose phosphates accumu- 
lating in experiments of the type shown in Fig. 4 is often not equivalent to 
the decrease in the fermentation rate in the presence of the ATPase inhibi- 
tors, but may be only about one-half of this value. 


TaBLeE II 
Esterification of Phosphate and Formation of Hexose Diphosphate during 
Fermentation (29°) 
The numbers indicate micromoles of CO, or phosphate. 





BL ke Dry | Inorganic |p). 04. yp |. COr 
~<a ~ t of Inhibitor added (saturated Time gory ee Prannit pores 
meg min. 
i* 12 0 | 24.6 
40 | 27.8 1.2 | 74 
90 | 36.2 0 | 8 
Octy! alcohol 40 8.0 16:6 | 18:6"! -26 
si es 90 | 18.4 1.2 | Ge i a 
Toluene | 40 | 9.5 14.5 Ger 36 
ee 90 | 23.6 1.6 | 1.2 
2 42 0 | 9.6 
; 120 | 11.3 0 | 74 
Decy! alcohol 120 2.8 6.8 6.1 | 34 
62 G@ | 39:7 
10 26 
40 | 18.4 | 75 
Phenylurethane 10 3.3 9.4 | 15.8 
vi 20 1.6 i} Pe 23.8 
= 40 1.3 11.4 | 33.0 
Octyl alcoho! 40 1.0 | 11.7 | 15.0 
4 42 0 | 18.5 
10 | 18.5 19.0 
30 | 18.7 67.5 
Digitonint 10 | 12.8 5.7 } 15.5 
35.5 


Ze | 30 | 8.5 | 10.0 | 


* Plus boiled yeast juice. 
+ 0.3 per cent. 


If the quickly dried yeast is subjected to sonic vibration and the cell 
débris is centrifuged out, the fermentation of the “‘sonic solution” shows 
nearly the same features as the “sonic solution” prepared from living yeast. 
The fermentation rate of free sugar, which is initially high, falls quickly, 
while the inorganic phosphate present is completely esterified in 10 min- 
utes. In the presence of arsenate the high speed is maintained much 
longer. Still, such a “sonic solution” contains more ATPase than an or- 
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dinary preparation of yeast extract. On account of this, octyl alcoho) 
and pheny!urethane decrease this speed in the second pericd to a con. 
siderable degree. While the phosphate ester in the absence of narcotics 
is rapidly split again during the next 20 to 30 minutes, with octy! alcohol 
the total amount of ester remains nearly constant, with a very low level 
of inorganic phosphate, as long as sugar is available. This shows that the 
“sonic solution,” although it has lost part of the ATPase, still contains 
appreciable amounts of the enzyme (see Table III). While the enzyme 
in this condition shows some inhibition with octyl aleohol and phenylure- 
thane, this inhibition disappears com pletely cn further purificaticn. The 
exact reverse effect is obtained with sodium azide. The purified ATPase 
is inhibited 65 per cent by 10~‘ M azide (1). However, in the quickly dried 


TaBLeE III 


Esterification of Phosphate and CO, Production in Supernatant of Sonic-Vibrated 
Dry Yeast (Supernatant from 80 Mg. of Dry Powder) 


Temperature 29°; all values in micromoles; 8 mg. of sugar added equivalent to 


89 um of CO:. 








neice Time | ‘phate prevent | extented’ | mim Ban 
min, j 
Glucose 0 17.7 
10 1.53 -16.2 | 32.6 
30 20 | 60.5 
50 23.8 | 71.0 
“+ octyl alcohol 10. 0.62 —17.1 | 22.4 
30 0.67 -17.0 | 28.0 
50 0.87 ~16.8 | 385.0 
Blank (no glucose) 0 23.2 (11.3)* 














* CO, formed without sugar. 


yeast even 2 X 10-? m does not inhibit, possibly because of the influence 
of foreign protein (see a similar case, Spiegelman et al. (9)). 


DISCUSSION 


After the preceding publication (1) no reasonable doubt could exist that 
the Harden-Young effect was caused by a lack of ATPase. The present 
paper proves conclusively that the ATPase is partly destroyed by the pro 
cedures which are applied to bring the fermenting system into solution, 
especially by the autolysis of the yeast and the breaking up of the cell 
structures. The substances used for quick autolysis like toluene and octyl 
alcohol are themselves very strong inhibitors of the adsorbed ATPase, a8 
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has been shown in the foregoing. Nearly all the features described by 
Nilsson for his own intact dry yeast are also exhibited by the preparation 
ysed here. The breaks in the fermentation curves evoked by different 
influences can always be explained by the removal, destruction, or inhibition 
of the ATPase. 

The difference in the susceptibility of the same enzyme to high mem- 
bers of the narcotic series, according to whether it is in solution or is ad- 
sorbed, is a striking confirmation of the old theory of Warburg (10) that, 
compared with the enzyme extracts, the greater sensitivity of respiration 
and fermentation of living cells to these narcotics is caused by adsorption 
of the enzymes at the interphases of the living cell. As far as I know, this 
theory has never been put to a test for an individual enzyme in a dissolved 
and adsorbed state. Our experiments show that the theory is exactly 
true for the yeast ATPase. However, it is probable that not all enzymes 
behave in the same way. On the one hand, the tumor ATPase in solution 
or in a fine dispersion is inhibited to the same degree by these narcotics; 
on the other hand, the rule apparently does not apply to the other glycolytic 


| enzymes which are not inhibited in our dry yeast. 





SUMMARY 


The fermentation of glucose in quickly dried brewers’ yeast proceeds 
without a break in the rate of fermentation until as much CO, is produced 
in excess of the blank) as corresponds to the complete fermentation of the 
sugar. At the same time no phosphate esters accumulate; on the contrary, 
the inorganic phosphate increases somewhat by the breakdown of the 
stored organic esters. 

If the ATPase inhibitors are applied to this yeast, the Harden-Young 
effect appears; the break in the fermentation curve occurs if either free 
phosphate or the free sugar is exhausted. At the same time, hexose esters, 
mostly hexose diphosphate, accumulate. The adsorbed ATPase in the 
quickly dried yeast is inhibited by higher members of the narcotic series: 
octyl alcohol, phenylurethane, and toluene. If the adsorbed yeast ATPase 
is brought into solution and partially purified, inhibition no longer occurs. 

In the presence of arsenate no break in the fermentation rate of the dry 
yeast is caused by these ATPase inhibitors, because here the ATPase is 
not needed for dephosphorylation. 

After sonic vibration of the quickly dried yeast the supernatant solution 
shows the Harden-Young effect, although it is still not quite complete. 
Even in this case the narcotics cause a sharper break in the curve, and the 
accumulation of phosphate esters becomes more pronounced. These facts 
prove that a removal, destruction, or inhibition of ATPase is responsible for 
the Harden-Young effect in yeast preparations. 
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GLYCOLYSIS IN LIVER HOMOGENATES* 


By PAUL A. STOESZt anno G. A. LEPAGE 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison) 


(Received for publication, April 18, 1949) 


Recently, studies of anaerobic glycolysis in our laboratory led to the 
development of a medium for maintaining phosphate bond energy in 
homogenates of tumor (1). This made possible the study of synthetic 
reactions requiring such an energy supply. Subsequently it became neces- 
sary to have a medium in which homogenates of rat liver would maintain 
phosphate bond energy under anaerobic conditions. While a number of 
investigations of anaerobic glycolysis have been made with rat liver slices, 
the most recent by Warren and Ebaugh (2), very little information is 
available concerning glycolysis in homogenates of liver. Reiner provided 
some data concerning rat liver homogenates (3) and found several differ- 
ences in behavior compared to brain homogenates. He was unable to ob- 
tain linearity with tissue concentration and reported irregularities in rate. 

In this study the medium of LePage (1) for tumor glycolysis was first 
used, and constituents were varied singly to determine the optimum for 
each. Then variations in each were studied in the presence of the optima 
of all other factors. The carbon dioxide liberation from a bicarbonate 
buffer was followed as a general indication of glycolysis rate, but the 
criteria used in evaluation of media were lactic acid production and net 
phosphorus esterification as measured by chemical methods. 


EXPERIMENTAL 


Albino rats of both sexes obtained from the Holtzman Rat Company, 
weighing 190 to 270 gm., were used throughout these experiments. Homo- 
genates were made with Potter-Elvehjem homogenizers in 9 volumes of 
cold isotonic potassium chloride with precautions which have been dis- 
cussed previously (1, 4). All constituents of the medium were pipetted 
into Warburg flasks and the flasks were immersed in ice before homo- 
genate was added. The gas phase was 95 per cent nitrogen-5 per cent 
carbon dioxide. Gassing was carried out as described previously (1). 
The maximum time from removal of a given flask from ice until incuba- 


* This work was supported in part by a grant from the American Cancer Society on 
the recommendation of the Committee on Growth of the National Research Council. 

t Fellow in Cancer Research of the American Cancer Society, sponsored by the 
Committee on Growth of the National Research Council. 
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tion was begun in a bath at 37.6° was 5.5 minutes. Flasks were equili- 
brated 5 minutes before readings were begun. 

Reaction mixtures were inactivated at the indicated times by addition 
of 0.25 ml. of 65 per cent trichloroacetic acid from the side arm of cach 
flask. The flask contents were in each case transferred to a small test. 
tube and the precipitated protein centrifuged. Lactic acid and inorganic 
phosphorus were determined on the supernatant fluid by methods descriLed 
earlier (5). 

Preparations of diphosphopyridine nucleotide (DPN) were 84 to 88 
per cent pure; those of adenosine triphosphate (ATP) were 98 per cent 
pure (6). Hexose diphosphate (HDP) was obtained as the dibarium salt 
from the Schwarz Laboratories and further purified by the method of 
Neuberg ef al. (7). Pyruvic acid was distilled at 2 to 4 mm. of Hg pres- 
sure and immediately diluted and stored at 0° as a 1M solution. All the 
above preparations were used as potassium salts. 


TABLE I 
Effects of Varied Tonicity in 40 Minute Incubation with 20 Mg. of Liver per Flask 








Index of tonicity | Lactic acid produced | Net P esterified 
| uM pM 
0.86" | 11.22 | —1.90 
1.00 11.09 | —1.42 


1.30 10.85 —0.61 








* Selected for final medium. 


A large number of preliminary experiments were conducted to deter- 
mine the approximate optima of constituents of the medium. Then each 
constituent was varied with all others optimum. Only the latter results 
are presented here. Each figure on the charts or tables in general rep- 
resents an average of single or duplicate flasks, usually duplicate, in each 
of two experiments. Variations between experiments were relatively small 
with the exception of one group of rats encountered during preliminary 
work, which gave uniform glycolytic rates at lower levels (20 to 40 per 
cent lower). 

Tonicity of Medium—lIf the value of 1.0 is assigned to an isotonic KCl 
solution, the tonicity of the medium used by LePage (1) was 0.65. By 
adding different amounts of KCl to the medium, various higher tonicity 
levels were produced. The results of lactic acid production and net phos- 
phorus esterification in Table I were obtained. The tonicity of the medium, 
optimum in all other respects, for liver homogenates was calculated to 
be 0.86. It appeared unnecessary to modify this. 
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Initial pH of Medium—By varying the concentration of KHCOs, differ- 
ent pH values can be obtained. Fig. 1 shows the effect produced by alter- 
ing the initial pH through a range of 7.3 to 8.13. The optimum selected 
was pH 7.8. ‘The final pH after a 40 minute incubation is approximately 
0.2 pH unit lower than the initial pH. 

Substrate—Warren and Ebaugh (2) found that anaerobic glycolysis of 
liver slices was unaffected by the presence or absence of glucose. This 
has been confirmed for our liver homogenates and consequently glucose 
was deleted from the medium. It was necessary to use HDP as the main 
substrate. Fig. 2 indicates the effects of various HDP concentrations 
during a 40 minute incubation. Glycolysis was found to proceed with 
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Fic. 1. Effects of varied initial pH on lactic acid produced and net phosphorus 
esterified per flask during a 40 minute incubation with 20 mg. of rat liver. 


equal rapidity with or without added fluoride in the presence of pyruvate. 
Since the use of fluoride has the advantage of preserving phosphate bond 
energy, thereby facilitating the evaluation of phosphorus balances, we 
decided to block the glycolytic reactions at the phosphoglyceric acid stage 
and use the triose phosphate dehydrogenase reaction as the source of 
energy. Since measurements of triose phosphate’ in the reaction mix- 
tures indicate that it accumulates slightly, the zymohexase must be in 
excess in liver and it seems likely that we are actually measuring triose 
phosphate dehydrogenase as the limiting reaction. 

Pyruvate—Since fluoride is added to this sytem to block conversion of 
phosphoglyceric acid to pyruvic acid, the latter had to be added as hydro- 


? Unpublished data. 
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gen acceptor. ‘Table II shows the effect of varying amounts of pyruvat; 
on glycolysis during a 40 minute incubation 
125 
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Fic. 2. Effects of varied HDP concentration on lactic acid produced and net 
phosphorus esterified per flask in a 40 minute incubation with 20 mg. of rat liver 


TABLE II 
Effects of Variations in Pyruvate on Glycolysis with 20 Mg. of Rat Liver in 40 Minute 








Incubation 
Pyruvate concentration Lactic acid produced Net P esterified 
u pM a, % M 
0 0.42 —2.22 
0.0025 5.79 -1.68 
0.005 10.42 -0.61 
0.0075* 10.47 —0.74 
0.01 10.20 —Q.71 


0.015 9.54 —0.74 


* Selected for final medium. 


Magnesium and Fluoride lons—The fluoride concentration chosen here 
results in near saturation with MgF, (8); however, no precipitation 0 
MgF: was noted at any time. 

Tables III and IV show the effect of varying amounts of Mg** and 


F~ ions on glycolysis during a 40 minute incubation. 
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It may be noted that higher concentrations of fluoride increased net P 
esterification. In the absence of fluoride the loss of esterified phosphate 
corresponds to the amount which would be obtained by complete hydrol- 
ysis of the added ATP to adenylic acid. 

ATP—Data in Fig. 3 show the effects of varied ATP concentrations. 
The optimum selected was 3 times that selected for tumor glycolysis 
(1). This probably results from the inability of the liver homogenates 
to utilize the high energy phosphate to phosphorvlate glucose and thereby 


TABLE III 
ffects of Variations in Added Magnesium Chloride on Glycolysis by 20 Mg. of Rat 
Liver in 40 Minute Incubation 


MgCl: concentration Lactic acid produced Net P esterified 
co uM ° uM iA 
0 7.93 -1.35 
0.0005 9.87 —2.55 
0.001* 10.61 —1.94 
0.002 11.72 —1.81 
0.004 11.17 —1.26 


0.008 10.52 —2.48 
* Selected for final medium. 
TABLE IV 


Effects of Variations in Potassium Fluoride on Glycolysis by 20 Mg. of Rat Liver in 
40 Minute Incubation 


KF concentration Lactic acid produced Net P esterified 





M uM uM 
0 9.30 — 4.06 
0.005 9.84 ~2.36 
0.01* 9.80 —1.55 
0.02 9.42 —0.39 
0.03 8.8] +0.77 


0.04 8.46 +0.99 


* Selected for final medium. 


make phosphate acceptor available. The liver homogenate preparation is 
dependent upon ATPase to make phosphate acceptor available. Adenylic 
acid gave results comparable to ATP, but the net phosphorus esterification 
was increased. 

DPN—Data obtained by varying DPN concentration during a 40 
minute incubation appear in Fig. 4. The concentration chosen for opti- 
mum lactic acid and net P esterification values was 0.0003 m. 

Nicotinamide—In order to prevent depletion of the DPN, as pointed 
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Fia. 3. Effeets of varied ATP on lactic acid production and net phosphorus es” 
terification per flask in 20 mg. of rat liver during a 40 minute incubation. 
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Fia. 4. Effects of varied DPN concentration on lactic acid production and net 
phosphorus esterification per flask in a 40 minute incubation with 20 mg. of rat liver 


out by Novikoff et al. (4), the system was tested with varying amounts 
It may be concluded from Table V that some protection 
of DPN was obtained with nicotinamide and that 0.04 m nicotinamide 


of nicotinamide. 
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provides maximum protection. No added protection was obtained with 
a-tocopherol phosphate. 

Homogenate—In preliminary studies, 30 mg., wet weight, of liver tissue 
were used; however, it became apparent that 2) mg. gave more suitable 




















TABLE V 
Effects of Nicotinamide Additions on Glycolysis by 20 Mg. of Rat Liver tn 40 Minute 
Incubation 
Nicotinamide concentration | Lactic acid produced | Net P esterified 
u al | ee ee Se 
0 | 4.40 | —1.55 
0.02 | 8.39 | —1.32 
0.04* | 8.85 | —0.97 
* Selected for final medium. 
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Fic. 5. Effects of varied incubation time and tissue concentration on lactic acid 
production, net phosphorus esterification, and ATP-pyrophosphate phosphorus. 


rates. Fig. 5 illustrates the linearity obtained when 2) and 39 mg. of 
tissue were incubated in the optimum medium for 2) minutes. When the 
incubation was extended to 40 minutes, linearity was not perfect owing 
to the fact that HDP became limiting. 
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The composition of the medium selected was as follows: potassium 
phosphate 0.0016 mM, potassium bicarbonate 0.050 m, nicotinamide 0,049 
M, pyruvic acid 0.0075 m, adenosine triphosphate 0.001 m, hexose diphos 
phate 0.006 m, diphosphopyridine nucleotide 0.0003 mM, magnesium chloride 
0.001 mM, potassium fluoride 0.010 . 

Rate of Reaction—During a 40 minute run, duplicate flasks were jp. 
activated every 10 minutes. Measurements were then made of lactie 
acid production, net P esterification, and ATP pyrophosphate phosphorus, 
The latter was measured by the method described by Potter et al. (9). 
These results appear in Fig. 5. ATP phosphorus was observed to drop 
to two-thirds of the original value during the first 20 minutes and to one. 
third by 40 minutes. 


DISCUSSION 


Reiner (3) attempted to find a suitable medium for the anaerobic gly- 
colysis of homogenized rat liver, but was only partially successful. His 
value? of Q)* was 8 approximately 23, whereas calculations from data on this 
system reveal Q®* to be approximately 78.) Reiner succeeded in gx tting 
slightly higher values when nicotinamide dnd HDP were increased. He 
was using a system which proceeded through to lactic acid, without fluoride 
to block the reactions at the phosphoglyceric acid stage. However, in 
our medium glycolysis was equally rapid with and without fluoride (see 
Table IV). It therefore seems unlikely that Reiner’s lower rates were 
due to a limitation imposed by the enzymes which convert phosphogly- 
ceric acid to pyruvic acid. 

It is evident that glucose is not phosphorylated during glycolysis by 
livers obtained from intact rats. When hexose diphosphate is used as 
substrate, the energy system can be maintained. 

Reiner (3) reported that he obtained more rapid glycolysis in brain 
than in liver. However, the medium developed here permits liver glycol- 
ysis to proceed at a rate which exceeds any rates reported for rat brain 
homogenates. 


SUMMARY 

A medium for anaerobic glycolysis of rat liver has been developed in 
which hexose diphosphate is the substrate. The Q** obtained was approx- 
mately 78. Phosphate bond energy has been shown to be maintained 
at satisfactory levels. 


—_— L 
sg. of lactic acid produced anaerobically per hour per mg. dry weight of liver. 
Liver dry weights are approximately 30 per cent of the wet weight. 
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DIPHTHERIA TOXIN 


vy, A COMPARISON BETWEEN THE DIPHTHERIAL SUCCINOXIDASE 
SYSTEM AND THAT OF BEEF HEART MUSCLE* 


By ALWIN M. PAPPENHEIMER, Jr., ann ENELMIRA D. HENDEE 


(From the Department of Microbiology, New York University College of Medicine, 
New York) 


(Received for publication, April 23, 1949) 


The major iron-containing respiratory pigment of Corynebacterium 
diphtheriae is spectroscopically related to cytochrome 6 (1-3). In a pre- 
yious communication (2) we presented evidence which suggests that diph- 
theria toxin may be closely related to the protein moiety of diphtherial 
cytochrome 6. The tentative hypothesis was advanced that diphtheria 
toxin may act by interfering with the normal function of cytochrome b 
in the tissues of the susceptible host, possibly by blocking its synthesis. 

Before attempting to verify this hypothesis, it has seemed necessary to 
investigate further the role of cytochrome 6 both in mammalian tissue 
respiration and in the bacterial cell. There seems to be little doubt that 
cytochrome b is concerned in the oxidation of succinate by heart muscle 
succinoxidase preparations in which it may serve as a link between suc- 
cindehydrogenase and the cytochrome c-cytochrome oxidase system (Kei- 
lin and Hartree (4); Ball et al. (5)). The diphtheria bacillus, on the other 
hand, contains very little cytochrome c or cytochrome oxidase, and cyto- 
chrome b appears to be the limiting factor concerned in succinate oxida- 
tion by these organisms (2). 

In the present study we have investigated the succinoxidase systems of 
beef heart muscle and of the diphtheria bacillus. The principal difference 
between the bacterial and mammalian systems resides in the relative 
amounts of the various components of the succinoxidase system present, 
as noted above. Of particular interest is the exceptionally high succinde- 
hydrogenase activity of the diphtheria bacillus, which parallels its high 
cytochrome b content. The evidence to be presented suggests that cyto- 
chrome b oxidation is the limiting factor in the oxidation of succinate by 
tissue and bacterial extracts in the presence of methylene blue and cyanide 
and that succindehydrogenase and cytochrome b may be identical both 
in diphtherial extracts and beef heart mus_le succinoxidase preparations. 


EXPERIMENTAL 


Hemin Analyses—1 to 2 cc. of crude diphtherial sonic extract contain- 
ing 6 to 8 mg. of nitrogen per cc. (2 to 3 ¥ of hemin iron per cc.) are treated 


*Supported by a grant from the Commonwealth Fund. 
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with 1 cc. of 0.2 n NaOH and 2 ce. of reagent grade pyridine. The volun, 
is then made up to 10 cc. with distilled water. In the case of crude gop; 
extracts this solution is always somewhat cloudy and must be clarified by 
centrifugation at high speed (1 hour at 10,000 r.p.m. in the International 
refrigerated centrifuge). The clear straw-colored supernatant is place 

in two cuvettes and a little sodium hydrosulfite added to one of them 

The difference in absorption between oxidized and reduced pyridine hemp. 
chromogens at 554 mu is then read in the Beckman spectrophotomete; 
and compared with a standard pyridine hemochromogen containing 5,5 
y of hemin chloride per cc. 

With crude bacterial extracts the results are fairly satisfactory, although 
there is some non-specific absorption even in the visible region. More. 
over, the values are probably somewhat low because of some occlusion of 
hemochromogen in the precipitate. With purified cytochrome b prepara. 
tions, however, no centrifugation is necessary, the 20 per cent pyridine 
solution is clear, and the absorption spectrum is superimposed on that of 
pure pyridine hemochromogen throughout the entire visible region. It 
must be realized that only the dissociable protohemin is determined by 
this method. The hemins of other iron enzymes, such as cytochrome ¢ 
and catalase, do not form pyridine hemochromogen under these condi- 
tions. 

The total iron content of diphtheria bacilli grown on a medium con- 
taining an excess of iron is about 0.85 y per mg. of bacterial nitrogen (6), 
About 40 to 60 per cent of this iron can be accounted for as hemin iron by 
the above procedure. 

Succindehydrogenase Determination—Succindehydrogenase activity was 
estimated in the Warburg apparatus at 36.35° in 0.1 mM phosphate buffer 
at pH 7.8. Each vessel contained 0.2 cc. of 20 per cent NaOH in the 
center cup, 0.2 cc. of 0.16 m sodium succinate, 0.1 cc. of 0.02 m KCN, and 
an appropriate amount of enzyme.! After equilibration, 0.2 cc. of 0.1 
per cent methylene blue was tipped in from the side arm. The total 
volume was 2 cc. per vessel. Qo, values were calculated from the oxygen 
uptake during the first 15 minutes and are expressed as c.mm. of Q) per 
mg. of N per hour. 

Succindehydrogenase activity was occasionally checked by the ferri- 
cyanide method of Quastel and Wheatley (7). The results were in good 
agreement with those by the methylene blue method; 7.e., QC}, (ferti- 
cyanide) = 4Q o, (methylene blue). 

Preparation of Crude Bacterial Extracts—The Toronto strain of Coryne- 
bacterium diphtheriae was grown in 5 to 10 liter lots on Mueller and Mil 


1 Low Qo, values are obtained if too much enzyme is present, because the rate 
of oxidation of reduced methylene blue becomes limiting. For this reason, more 
than one enzyme concentration was usually tested. 
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ler’s casein hydrolysate medium (8) containing 25 mg. of FeSO,-7H.O per 
liter. The organisms were harvested after 6 to 7 days growth at 34°, 
collected by centrifugation, and washed three times with saline. The 
final pH of the culture filtrate was usually 6.8 to 7.0. The washed or 
ganisms from 5 liters of culture were suspended in 150 to 200 ec. of saline 
and the suspension disrupted for 30 minutes in the 9000 cycle sonie os- 
cillator? in 25 ce. portions. The final crude extract usually contained 
§ to 8 mg. of nitrogen per cc. at this stage. 

Purification of Diphtherial Cytochrome b and Succindehydrogenase Ac- 
tivity by Differential Centrifugation—The purification and concentration 
procedure varied somewhat from lot to lot. The procedure used to 
obtain a typical cytochrome b concentrate was as follows: 

Preparation 21—Washed organisms from 5 liters of culture were sus- 
pended in 180 cc. of saline and disrupted in the sonic oscillator as de- 
scribed above. The crude extract contained 7.58 mg. of nitrogen per cc. 
and 0.3 mg. of hemin iron per mg. of nitrogen. The Qo, (succinate- 
KCN) and Qo, (succinate-methylene blue-KCN) were 146 and 4070 
c.mm. per mg. of N per hour respectively. The crude extract was cen- 
trifuged for 30 minutes at 10,000 r.p.m. in a refrigerated International 
centrifuge. ‘The turbid supernatant was removed from bacterial débris 
and centrifuged in a Sorvall vacuum type angle centrifuge, model SS-2, 
at 12,000 r.p.M. (about 18,000 X g) for 30 minutes. After centrifuging, 
three layers were present. About 25 ce. of a fatty yellow upper layer of 
low activity were removed and discarded. 130 cc. of a clear red layer, con- 
taining more than 60 per cent of the total activity (Fraction B), was next 
removed. Its nitrogen content was 4.41 mg. per cc. and the Qo, (succinate) 
was 140. The sediment (Fraction C), containing 30 per cent of the total 
activity, was discarded in this particular experiment. Fraction B was 
then centrifuged at 16,000 r.p.m. (about 30,000 x g) for 3 hours. 
Once again three layers were obtained: an inactive yellow topmost layer, 
a clear reddish brown layer with considerable activity, and a dark wine- 
ved transparent sediment at the bottom of the tubes. About 39 per cent 
of the total original activity was contained in the clear red sediment after 
the supernatant was poured off. This sediment was suspended in 0.02 
vu phosphate buffer and homogenized in the sonic vibrator for 20 minutes. 
35 cc. of a dark red solution were obtained, which was clarified by cen- 
trifugation in the model SS-2 Sorvall centrifuge for 30 minutes at 12,000 
R.P.M. The sediment was discarded and the supernatant dark red solu- 
tion (Fraction B3) was clear by transmitted light but showed a marked 
Tyndall effect. The preparation showed strong cytochrome b bands at 
960 and 529 my after 1:5 dilution and reduction with hydrosulfite. Frac- 


* Raytheon Corporation, Waltham, Massachusetts. 














600 DIPHTHERIA TOXIN. V 


tion B3 contained 3.90 mg. of N per cc. and 1.09 + of hemin iron per mg 
of nitrogen. The Qo, (succinate) was 440 and Qo, (succinate-m: thylene 
blue) was 14,000 c.mm. of O. per hour per mg. of N. The purification was 
thus 3- to 3.5-fold both on the basis of activity and of hemin content. 

Purified cytochrome b-succindehydrogenase preparations may be kept 
either in the frozen state at —70° or may be lyophilized and stored jn g 
desiccator over POs. The preparations keep for months without logs 
of activity, but reconstitution of the frozen or dried material yields soly- 
tions which are more turbid than the original preparation. Both cyto. 
chrome 6 and succindehydrogenase activity may be precipitated at pH 
4.8, washed with water, and resuspended in phosphate buffer at pH 78 
without loss of potency. Little additional purification is obtained by acid 
precipitation. 

Heart Muscle Succinoxidase Preparations—Succinoxidase was prepared 
from beef heart by the method of Keilin and Hartree (9) except that the 
defatted, minced, washed muscle pulp was suspended in chilled phosphate 
buffer (pH 7.0) by means of a Waring blendor rather than by grinding 
with sand. The final precipitate obtained with acetate buffer of pH 44 
was washed with chilled distilled water to remove excess cytochrome ¢ 
before resuspending in 0.1 m phosphate buffer at pH 7.3. The sonic os- 
cillator was used to obtain a uniform suspension. On reduction with 
hydrosulfite, the Keilin and Hartree preparation showed strong absorp- 
tion bands characteristic of cytochromes a; and b. The cytochrome ¢ 
band was faint or absent. In a typical preparation, the final succinoxidase 
suspension obtained from 400 gm. of pressed, washed muscle pulp meas- 
ured 70 cc. It contained 4.00 mg. of nitrogen per cc. 


Results 


Succinoxidase Systems of Beef Heart Muscle and Corynebacterium Diph- 
theriae—In Table I, Columns 1 and 3, the succinoxidase activity of an 
unfractionated homogenate of fresh beef heart muscle is compared with 
that of a crude sonic extract from freshly harvested diphtheria bacilli, 
The Qo, (succinate) of the heart muscle homogenate is about twice that of 
the bacterial extract. Addition of excess cytochrome c doubles the rate 
of oxygen uptake by the heart muscle preparation but has little effect on 
the Qo, of the diphtherial system. 2.5 X 10-* m cyanide inhibits oxygen 
consumption in heart muscle to the extent of 95 per cent but brings atout 
only a 10 per cent reduction in the Qo, of the fresh diphtherial extract. 
The most striking differences between the mammalian and bacterial prepa- 
rations are their relative “succindehydrogenase’”’ contents as measured by 
the methylene blue method and cytochrome oxidase contents as meas 
ured by oxidation of p-phenylenediamine in the presence of excess cyto 
chrome c. Succinate is oxidized more than 15 times as rapidly by the 
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diphtheria bacillus as by beef heart muscle in the presence of methylene 
blue and potassium cyanide. On the other hand, p-phenylenediamine is 
oxidized very slowly by the bacterial extracts as compared with its rapid 
oxidation by heart muscle. 

These differences appear even more striking when the activity of puri- 
fied diphtherial cytochrome b is compared with the Keilin and Hartree 
succinoxidase preparation. As is seen from Columns 2 and 4 of Table I, 
cytochrome c and KCN are without effect on the diphtherial preparation 
and cytochrome oxidase activity is completely absent. Addition of 
methylene blue (with or without cyanide) increases the Qo, more than 30- 
fold. The Keilin and Hartree preparation, on the other hand, shows a 
5-fold increase in Qo, on adding excess cytochrome c and almost complete 
inhibition by 2.6 X 10-*m KCN. Activity in the presence of cyanide is 











TABLE I 
Comparison between Activity of Diphthertal and Mammalian Succinoxidase Systems 
at pH 7.8 
Qo,t 
. , Pa ery Pere 
Substrate Beef heart | — —_—— | diphtherial 
homogenate ‘preparation sonic extact a 
| } 
| Se eee mn | ve | ge iS gee 
ES Perera seeseseel S12 | 220 | 162 | 40 
° “f- CYtOSHPOINO C | osc cesc cc cxpaee 646 | 1100 | 168s 440 
eS eee 4 | 10 | 146 | 440 
_ + “ + methylene blue...... 254 | 1500 4070 14,000 
Phenylenediamine + cytochrome c......... 1470 | 6000 15 0 








* Final concentration of succinate and phenylenediamine, 0.02 m; KCN, 10-* m; 
cytochrome c, 5 X 10-* m; methylene blue, 0.01 per cent. 
+ C.mm. of O, per mg. of N per hour calculated from the first 15 minutes 


restored by methylene blue but remains far inferior to that in the diph- 
therial extract. Phenylenediamine is oxidized several times as fast as is 
succinate. 

Effect of pH on Oxidation of Succinate by Diphtherial Cytochrome b Prepa- 
rations—It has been shown previously (2) that the rate-limiting step in 
the oxidation of succinate by diphtherial extracts in the presence of cya- 
nide is the autoxidation of cytochrome b. The Qo, under these conditions 
is thus a measure of cytochrome b concentration.? The method is not a 


* We previously stated (2) that when succinate is added to diphtherial extracts 
anaerobically 50 to 60 per cent reduction of cytochrome b occurs within a few minutes. 
This statement is misleading, since the reduction occurs almost instantaneously 
and the bands of reduced cytochrome b are immediately visible, even in the pres- 
ence of air. 
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sensitive one, however, since reduced cytochrome b is oxidized at a rely. 
tively slow rate by molecular oxygen. Addition of an excess of methylonp 
blue to diphtherial extracts or purified cytochrome b preparations in- 
creases the Qo, some 25- to 30-fold even in the presence of cyanide, 
The Qo, under these conditions is generally considered to be a measyy 
of succindehydrogenase activity. In Fig. 1 we have compared the gyp. 
cindehydrogenase activity measured in this way with the rate of oxidation 
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Fig. 1. Effect of pH on succinate oxidation by purified diphtherial cytochrome 
(Preparation 21B3). @, without added methylene blue; ©, methylene blue added; 
+, 0.25 Gi. (ferricyanide). pH 5.8 to 8 (0.1 m phosphate buffer); pH 8 to 9 (NaCl 
borate buffer). 


of cytochrome b by molecular oxygen in the pH range 5.8 to 8.6. In both 
cases the optimum pH is 7.8 to 8.0. Although the Qo, values at pH 58 
are less than 25 per cent of the values at pH 7.8, the ratio of succinde- 
hydrogenase activity to cytochrome b autoxidation remains practically 
constant between 25:1 and 30:1. The results suggest that oxidation of 
cytochrome b is the rate-controlling step not only when molecular oxygen 
is the oxidant but also when oxygen is replaced by methylene blue. 
Effect of pH on Succindehydrogenase Activity of Keilin and Hartree’s 
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Preparation—As is shown in Table II, the optimum pH for oxidation of 
succinate by the Keilin and Hartree preparation in the presence of methy]l- 
ene blue and cyanide is also 7.8 to 8.0. The Qo, increases about 6-fold 
inthe pH range 6 to 8. By analogy with the diphtherial system, it seems 
likely that here again oxidation of cytochrome b by methylene blue is the 
rate-controlling step. The Keilin-Hartree preparation differs from the 
bacterial preparation in that the former system is rapidly inactivated 
above pH 8. The Qo, at pH 8.5 and 8.8 was calculated from the oxygen 
consumption during the first 5 minutes after the enzyme was tipped in 
from the side arm of the vessel and cannot be regarded as significant. 
Heat Inactivation of Succinoxidase Preparations—In a further attempt to 
differentiate between cytochrome b and succindehydrogenase activity, the 
effect of different temperatures on the enzymic activity of purified diph~ 


TaBe II 
Effect of pH on Succindehydrogenase Activity of Keilin-Hartree Preparation 





pH Qo,* (methylene blue + KCN) 
6.0 180, 254 
6.5 370, 408 
1.3 1270, 1350 
tat 1450, 1720 
8.0 1580 
8.5f 910, 945 
8.8t 


194, 347 





*Figures are given for two successive experiments. 
t Calculated from the first 5 minutes. Enzyme tipped in from the side arm of the 
Warburg vessel. 


therial cytochrome b in phosphate buffer at pH 7.6 was studied. When 
Preparation 21B3 was heated for 30 minutes at 60° under these condi- 
tions, aggregation occurred and the solution became turbid, but actual 
coagulation did not occur below 75° and was not complete below 80°. 
Asis shown in Table III, about three-fourths of the activity was lost after 
30 minutes at 75°, and inactivation was practically complete at 80°. Once 
again it was found impossible to differentiate between cytochrome b and 
succindehydrogenase activity. 

The effect of heat on the succindehydrogenase activity of the Keilin- 
Hartree preparation was irregular and seemed to depend somewhat on the 
purity of the preparation. In one case complete coagulation and inac- 
tivation occurred at 60°; in another some activity still remained after 30 
minutes at 75°. 

Reduction of Cytochrome c by Cytochrome b in Presence of Succinate— 
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When purified diphtherial cytochrcrre b‘ is added to a solution contgip. 
ing succinate and cytochrome c in excess, the cytochrcre c is slowly re. 
duced. This reduction may be fo!lowed at 550 mu in the Beckman spec. 
trophotometer, as shown in Fig. 2. Potassium cyanide and naphtho. 
quinone SN-5949 (5) have no effect on the rate of reduction of cytochrome 
ce by cytochrome b. The rate of reduction is very slow, however, and a 
pH 7.3 diphtherial cytochrome b is autoxidized faster than it is oxidized 
by cytochrome c. The turnover number for cytochrome c reduction a 
25° under these conditions, calculated from the hemin iron content of 
purified cytochrome b, is only about 7. This may be compared with g 
turnover number of 1420 for added cytochrome c in the oxidation of sy. 
cinate by the Keilin-Hartree preparation (10). In Table IV we hay: 


TaB_e III 


Effect of Heat on Succinate Oridation by Purified Diphtherial Cytochrome b 
(Preparation 21B8) 
0.1 m phosphate buffer at pH 7.6. 











Heated 20 min. at | Qo: (autoxidation of | Qo, (methylene blue) | Appearance 
cytochrome 6) | 
°C. | 
25 400 | 14,000 Almost clear 
60 300 9,000 | Turbid 
65 235 | 15,000 | a“ 
70 264 | 11,600 | ' 
75 | 95 3,900 | Partial coagulation 
“ 


80 | 5 240 


Complete 





calculated the turnover numbers for diphtherial cytochrome b during the | 


oxidation of succinate under various conditions. 
From Fig. 2 it may be seen that cytochrome c was reduced about 60 
times faster in the presence of succinate and cyanide by the Keilin-Hartree 


preparation than by the diphtherial system, despite the fact that the for | 


mer preparation contained only 15 per cent as much succindehydrogenase 
activity. The mammalian preparation was a!most completely inhibited 
by naphthoquinone SN-5949. Ball ed al. (5) have suggested that SN-599 
blocks a factor which mediates the reduction of cytochrome c by cyte 
chrome b. The existence of such a factor has also been suggested by 


Stoppani (11), Slater (12), and others. Because the bacterial cytochrome | 


‘Crude sonic extracts from the diphtheria bac‘llus invariably contain a sub- 
stance which reduces cytochrome ¢ even in the absence of added substrate. This 
reducing substance is removed during purification by differential centrifugation 
or by precipitation of cytochrome b at pH 4.8. 
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Fic. 2. Reduction of evtochrome cin the presence of succinate at 25°. One cuvette 
contained 3 cc. of 3 X 10-§ mM cytochrome c and 0.04 m sodium succinate in 0.1 mM phos- 
phate buffer of pH 7.3. The control cuvette contained no succinate. 0.1 cc. of 
enzyme added to each cuvette and reduction followed at 550 my in the Beckman 
spectrophotometer. @, 0.1 cc. of 1:50 Keilin-Hartree preparation, 5.37 mg. of N 
per cc. and Qo, 1500 in the presence of methylene blue and KCN. ©, 0.1 cc. of un- 
diluted diphtherial cytochrome 6 (Preparation 22B3) containing 5.96 mg. of N per 
cc. and Qo, 10,100 in the presence of methylene blue. 





TaBLE IV 


Turnover Numbers* at 36.3° of Diphtherial Cytochrome b during Oxidation of Succinate 
under Varying Conditions 











Oxidant } pH 7.25 pH 78 
aoe | 

DD, cok. x'c du Sans scdunduvedeurtecetaaeer: | 1600 | 2120 
SE ter ee es ae es | 1480 | 

TEE TT er ee | 56 | 66 
Sy ee et) Shere 7 | 











* Ratio of oxygen uptake per minute to oxygen equivalent of hemin iron added. 


b preparation reduces cytochrome c¢ so slowly, it should provide a good 
test system for the postulated factor acting between cytochromes b and 
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c in the succinoxidase system. We have tested various muscle, yeas; 


and bacterial extracts as well as a rabbit liver preparation prepared g 
cording to Stoppani (11) and a highly active preparation of cytochroy, 
reductase prepared from Escherichia coli, but have been completely y 


. ul 
successful in finding any material which will accelerate the reducti 


10N Oj 
cytochrome c by diphtherial cytochrome b in the presence of succinate and 
potassium cyanide. 
DISCUSSION 
The succinoxidase system in cell-free extracts of beef heart muscle, which 
oxidizes succinic acid to fumaric acid, is a complex one which is not » 
yet fully understood. Of the various carrier systems involved in th 
transfer of 2 hydrogen atoms from succinate to oxygen, only cytochrome 
c has been isolated as a soluble pure protein. The complete succinoxidas 
system is generally supposed to consist of the following steps 
ne 1 2 (3) 
Succinate —— succindehydrogenase ——> cytochrome b ——> 
(4) 5) 
eytochrome c —— cytochrome oxidas —~ 0), 


There is evidence that a factor exists between cytochromes > and c, and 
it has been suggested that cytochrome a may act between cytochromes ¢ 
and oxidase (a;)._ On the other hand, there is little clear-cut evidence that 
succindehydrogenase and cytochrome b exist as separate and distinet 
enzymes. The arrows indicate the direction of electron transfer and of 
increasing oxidation-reduction potential. 

With the exception of cytochrome c, none of the components of the sue- 
cinoxidase system has been separated from insoluble particles or from 
one another and much of the evidence for the various steps is derived from 
the action of inhibitors. However, the system can be simplified somewhat, 
since there are a number of substrates, such as p-phenylenediamine, cys 
teine, etc., which reduce cytochrome c directly. With p-phenylenediamine 
as mabateate, for example, Steps 1 to 3 in the above scheme may be elim- 
inated. In a similar way, the diphtherial system should prove useful for 
studying Steps 1 and 2, since, as we have shown (see Table I), purified 
diphtherial succinoxidase preparations are characterized by an exception- 
ally high succindehydrogenase activity and a very high cytochrome ) 
content, but contain neither cytochrome oxidase nor cytochrome ¢ 

Our attempts to separate diphtherial cytochrome b from the succinde- 
hydrogenase activity in bacterial extracts have been wholly unsuccest 
ful. Both factors can be precipitated at pH 5 and cannot be separated 
by differential centrifugation. It was demonstrated previously 6) that 
the cellular iron content of the Toronto strain of Corynebacterium dipl 
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‘heriae can be varied over a 5- to 6-fold range by controlling the iron 
concentration of the media on which the organisms are grown. It has 
since been found that both succindehydrogenase activity and cytochrome 
content are directly proportional to the iron content of the cells. 

There can no longer be any doubt that the rate of succinate oxidation 
by the intact diphtheria bacillus is mainly determined by the rate of 
autoxidation of cytochrome b. With purified cytochrome b preparations, 
its autoxidation is the sole limiting factor, since the reduction of cytochrome 
b in the presence of succinate is practically instantaneous and no cyto- 
chrome oxidase is present. Although it appears likely that reduced diph- 
therial cytochrome b is oxidized by molecular oxygen at a somewhat higher 
rate than the cytochrome b of beef heart muscle (perhaps 2 to 3 times), 
its rate of autoxidation is extremely slow when compared with that of 
cytochrome oxidase. It is for this reason that the diphtheria bacillus 
requires such a high concentration of cytochrome b. 

In the presence of methylene blue or ferricyanide, the rate of succinate 
oxidation is increased 25- to 30-fold. The Qo, (succinate) in the presence 
of methylene blue and cyanide or the Q¢%, in the presence of ferricyanide 
has generally been considered a measure of succindehydrogenase activity. 
However, as we have shown, succindehydrogenase activity measured in 
this way is always directly proportional to cytochrome b content, whether 
the latter is measured spectroscopically by its extinction at 560 my, by 
its rate of autoxidation in the presence of succinate and cyanide, or even 
by the slow rate of reduction of cytochrome c in the presence of succinate. 
It seems quite possible that succindehydrogenase is a hemin-containing 
enzyme which is in fact identical withcytochromeb. Weare perhaps deal- 
ing with a system analogous to the lactic acid dehydrogenase from Delft 
yeast which Bach et al. (13) believe to be cytochrome be. 

In an attempt to throw further light on the problem of whether one or 
two steps are involved in the oxidation of succinate by cytochrome b,we 
have studied the effect of pH on the system. As might be expected, the 
oxidation of succinate is very much slower at acid pH. Within the limits 
of experimental error, the ratio of Qo, (succinate-methylene blue)/Qo, 
(autoxidation of cytochrome b) or of 0.25Q¢3, (succinate-ferricyanide)/Qo, 
(autoxidation of cytochrome b) is constant, 7.e. about 25:1, at all pH values 
between 6 and 9. Optimum activity occurs at about pH 8 in all cases.® 
The effect of pH on succinate oxidation by the Keilin-Hartree preparation 
in the presence of methylene blue and cyanide is similar, and again the 
maximum Qo, is obtained at about pH 8. At more alkaline pH values 
the Qo, of the heart muscle preparation falls off more rapidly than with the 


*In 1931, Cook and Alcock (14) found that succindehydrogenase activity of E. 
coli was optimum between pH 7.6 and 8.0 by the Thunberg technique. 
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diphtherial system. Keilin and Hartree (10) have shown that exposure 
of their preparation to pH 9 for 1 hour at room temperature results jp 
complete loss of succindehydrogenase activity, while leaving the cyto. 
chrome oxidase system intact. At Dr. Keilin’s suggestion, we have at. 
tempted to reactivate a succinoxidase preparation from beef heart, jn. 
activated at pH 9, by addition of small amounts of diphtherial cytochrome 
b. No reactivation could be obtained. Apparently, the factor concerned 
in mediating the reduction of cytochrome c by cytochrome b is destroyed 
simultaneously with the succindehydrogenase activity at pH 9. The 
diphtherial system is stable even in the presence of the Keilin-Hartree 
preparation at pH 9. 

Diphtherial cytochrome b is relatively heat-stable and purified prepam- 
tions are only partially destroyed after 30 minutes at 75°. After 4 hour 
at this temperature, 75 per cent of the activity against succinate is lost, 
whether measured by the rate of autoxidation of cytochrome b or in the 
presence of methy'ene blue. 

In conclusion, it is our opinion that succindehydrogenase may well be 
identical with cytochrome b both in diphtherial extracts and in beef heart 
muscle succinoxidase preparations. Alternatively, succindehydrogenase 
and cytochrome b may be “intimately bound to the protein of a single 
colloidal particle forming thus a unit of a complete oxidizing system,” 
as suggested by Keilin and Harpley (15) in considering the dehydrogenase- 
cytochrome system of Escherichia coli. In any event, it seems clear that 
by the usual methods for determination of succindehydrogenase, whether 
by oxygen uptake in the presence of methylene blue and cyanide or ana- 
erobically with ferricyanide (Quastel and Wheatley (7)), cytochrome b 
activity ts actually measured. If a true succindehydrogenase exists, sepa- 
rate and distinct from cytochrome b, which mediates the oxidation of 
succinic acid by cytochrome b, it must always be present in excess and so 
cannot be the rate-controlling step in the methods which have been used 
for its determination. Ina recent note Slater (16) has arrived at a similar 
conclusion. From Slater’s cytochrome b hemin analyses and succinde- 
hydrogenase (Qo,) determinations in heart muscle, a turnover number of 
1120 per iron atom per minute may be calculated. This is in good agree- 
ment with our estimate of 1300 for the turnover number of diphtherial 
cytochrome b at pH 7.0 in the presence of methylene blue. 


SUMMARY 


The succinoxidase system of beef heart muscle has been compared with 
that of the diphtheria bacillus. The principal differences between the 
mammalian and bacterial systems reside in the relative amounts of the 
various cytochrome components present. Thus, beef heart muscle con- 
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tains relatively large amounts of cytochrome c, cytochrome oxidase, and 
the factor which mediates reduction of cytochrome c by cytochrome b. 
The diphtheria bacillus possesses far more succindehydrogenase activity 
and cytochrome b than does beef heart. On the other hand, the bacteria 
only possess traces of cytochrome c and cytochrome oxidase. 

The evidence presented indicates that oxidation of cytochrome 6 is 
the rate-limiting step when succindehydrogenase activity is measured by 
oxygen uptake in the presence of methylene blue and potassium cyanide or 
by anaerobic oxidation with ferricyanide according to the method of 
Quastel and Wheatley. 
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VITAMIN E POTENCY OF a-TOCOPHEROL AND a-TOCOPHEROL 
ISTERS* 


By PHILIP L. HARRIS anp MARION I. LUDWIG 


(From the Research Laboratories, Distillation Products, Inc., Rochester, New York) 
(Received for publication, April 12, 1949) 


Occasional vitamin E bioassays conducted in this laboratory prior to 
1943 indicated that esterified tocopherols were more active biologically than 
equivalent quantities of the free tocopherols. Demole et al. (1) had also 
observed a similar difference in activity. However, in 1943 we stated that 
the observed differences were probably within the limits of uncertainty 
of the bioassay procedure and therefore were not significant (2). Now as 
the result of further study, a definite difference has been established. 

Under standard test conditions (8) tocopherol esters, both natural and 
synthetic, showed a consistent superiority in vitamin E potency compared 
with the respective tocopherols in free alcohol form. 


Results 


Data obtained from ten bioassays, comparing the vitamin E potency of 
a-tocopherol esters with that of free a-tocopherol, are shown in Table I. 
The technique employed was that described by Mason and Harris (8) in 
which prevention of fetal resorption in rats is used as the criterion of 
biological response. 

Esterified tocopherols were consistently more active than equivalent 
quantities of free tocopherol. This superiority in potency ranged from 10 
to 127 per cent. In spite of the relatively great variation, the potency 
ratios were found to be a homogeneous group according to a x? test (4). 
Consequently, a weighted mean was calculated and found to be 1.62. The 
standard error of this mean was 0.09. The probability is therefore 2 out 
of 3 that a similar group of bioassays would have a weighted mean of be- 
tween 1.53 and 1.71. 

It should be noted that this ratio between the potency of tocopherol 
and tocopherol ester holds both for natural and for synthetic a-tocopherol. 


DISCUSSION 


Why is a-tocopherol less potent in the free form than as an ester? Fat- 
soluble vitamins in general follow no such rule. Vitamin D in free form 
is more active physiologically than esterified vitamin D (5). Vitamin A 


* Communication No. 147. 
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TABLE I 
Relative Vitamin E Potency of a-Tocopherol and a-Tocopherol Est 


Thirty-six rats were used in each bioassay 
pwlive oo ORT EE TER ATOR 
Median fertility dose Ratio 

Assay date : . Bes Hot pa M. F. D. a-tocopherol 
a-Tocopherol as M.F.D. a-tocopherol as ester 


a-Tocopherol outee® 


Natural d,a-tocopherol and esters 


1947 meg. meg 
Jan. 0.92 0.72 .28 0.15 
Feb. 0.60 0.43 1.40 0.27 
es 0.44 0.40 1.10 0.40 
Apr. 0.84 0.37 Zent 0.87 
June 0.83 0.40 2.08 0.35 
July 0.62 0.43 1.44 0.25 
Oct. 0.64 0.34 1.88 0.34 


Synthetic dl, a-tocopherol and esters 


Jan. t 0.67 


t 
Feb. 0.81 0.52 1.56 0.33 
ey 0.60 0.41 1.46 0.45 
Apr. 0.7] 0.42 1.69 0.50 
June t 0.61 
Weighted mean + s.E.wm§ 1.62 + 0.09 


* All samples of natural esters were pure d,a-tocophery! acid succinate. A 
samples of synthetic esters were dl, a-tocophery! acetate (international standard 
The weights of tocopherol were calculated stoichiometrically from the weights of 
the esters. 

{ Standard error of the ratio, or of the comparison, of M. F. D. values = 


o /\ ( ser Y 4 ( S.E.g y 
M. F. D.p M. F. D.z 

8.E.p and S.£.z are standard errors of the mean fertility dose values of free a-toc 
opherol and of esterified tocopherol, respectively, and are calculated from dose 
response curves according to Miller and Tainter (10). 

t All test animals showed negative response at the 1.0 mg. level, which precluded 
calculation of M. F. D. values. 

§ Weighted mean = 2(Wer X ratio)/2(Wr), where We = 1/(s.5. of ratio) 


(Miller et al. (4)). 8.8. of the weighted mean = \/1/3(Wer) (Miller et al. (4 





esters are superior to free vitamin A in bioassay tests (6),! although there 
is some evidence that dietary changes, such as increased fat intake, reverse 
this superiority (7). 


1 Harris, P. L., and Brinkman, J., unpublished data. 
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We tentatively explain our results on the basis that tocopherol esters 
are relatively more resistant than free tocopherol to oxidative destruction, 
sich as might occur prior to absorption in the intestinal tract of the assay 
rats. Results of a few experiments indicate that by reducing the possi- 
bilities for intestinal destruction, e.g. adding antioxidants to the tocopherol 
lutions fed and to the diet, free a-tocopherol was preserved sufficiently 
to induce a response equivalent to that of an equimolar quantity of esteri- 
fed a-tocopherol. Diamylhydroquinone fed in 15 mg. quantities simul- 
taneously with free a-tocopherol supplements in several vitamin E bioassays 
significantly increased the effectiveness of the tocopherol as shown by 
an average reduction of the mean fertility dose from 0.67 mg. to less than 


03mg. However, as shown in Table I, a-tocopherol esters under standard 


bioassay conditions possess about 62 per cent more vitamin FE potency 
than free a-tocopherol. 


TaBieE II 
Biolo gical E quivalency of Various Forms of a- Tocopherol 
Form of tocopherol | halen | Calculation 
L. U. pay mg A 
il,a-Tocophery! acetate 1.00 By definition of 1.u 
ll,a-Tocopherol. . . 0.68 | 1.00 + 0.91 + 1.62 = 0.68* 
l,a-Tocophery! acetate 1.36 | Harris and Ludwig (9) 
ee succinate 1.21 | 1.86 X 0.89 = 1.21f 


1,a-Tocopherol.. . 0.92 1.36 + 0.91 + 1.62 = 0.92 


*0.91 = the ratio of the mole oular weight of ae- :-tocopherol to that of a- tovophery! 
acetate; 1.62 = the ratio of the activity of a-tocopherol, as an ester, to that of 
a-tocopherol (Table I). 

+ 0.89 = the ratio of the molecular weight of a-tocopheryl acetate to a-tocopheryl 
succinate. 


Biological equivalencies in terms of international units can now be 
assigned to the various forms of a-tocopherol. Starting with the defined 
potency of synthetic dl,a-tocopheryl acetate, 1 mg. = 1.00 1.u. (8), and the 
experimentally determined equivalency of natural d, a-tocopheryl acetate, 
|mg.= 1.36 1.v. (9), the values in Table II can be calculated. 


SUMMARY 


A comparison of the vitamin E potency of both natural and synthetic 
free a-tocopherol with esterified a-tocopherol was made by standard 
bioassay procedures. 

a-Tocopherol, in the form of an ester, showed 62 per cent more vitamin 
fi potency than did free a-tocopherol. This relationship was found both for 
natural tocopherols, d,a esterified versus d,a free, and for synthetic tocoph- 
erols, dl,a esterified versus dl,a free. 
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Biological equivalencies were calculated for a-tocopherol in the free form 


,a-tocopherol, free = 0.68 1.u. per mg.; d,a-tocopherol, free XY 099 


I.U. per mg. 
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CHOLESTEROL ESTERASES 


]. PREPARATION OF SUBSTRATE MIXTURE AND CHARACTERIZATION 
OF THE HYDROLYTIC CHOLESTEROL ESTERASE OF PANCREATIN* 


By RICHARD 8S. YAMAMOTO, NORMAN P. GOLDSTEIN, anp C. R. 
TREADWELL 


(From the Department of Biochemistry, School of Medicine, George Washington 
University, Washington) 


(Received for publication, March 31, 1949) 


The enzyme or enzymes involved in the formation and hydrolysis of 
cholesterol esters have been the subject of sporadic studies since 1910 
when Kondo (1) reported that extracts of horse and ox liver catalyzed 
the hydrolysis of these esters. The most extensive studies have been 
carried out by Sperry and coworkers (2) who also reviewed the earlier 
literature and pointed out the lack of agreement between several of the 
reports. A critical review of the previous work will show the following 
points which are of interest in connection with the studies on cholesterol 
esterase in progress in our laboratory. It has not been clearly shown 
whether the synthesis and hydrolysis of cholesterol esters are catalyzed 
by a single enzyme or by different enzymes. The enzyme activities re- 
lated to cholesterol esters have not been definitely distinguished from the 
activity of other esterases occurring in the same tissues. The identity of 
the enzymes reported in various tissues such as liver, blood, and pancreas 
has not been established. There has not been an adequate characteriza- 
tion of the enzyme from any of the reported sources. 

In a majority of the studies serum has been used to supply the sub- 
strate. This has been unfortunate for several reasons. This substrate 
mixture contains the end-products of the reaction irrespective of whether 
the synthesizing or hydrolyzing activity is under study. Also this sub- 
strate mixture has been reported to possess both kinds of activity, de- 
pending on the experimental conditions. Moreover, the use of serum limits 
the types of controls and experimental conditions which may be employed. 
In general the studies with serum have suggested a low order of activity 
for the enzyme; in many cases the incubation time has been extended to 
48 or 72 hours in order to demonstrate appreciable synthesis or hydrolysis. 
The small amount of substrate, usually of the order of 1 mg. or less, has 
also introduced the possibility of considerable error in apparent activity 
due to small errors in the determination of cholesterol. 


* Aided by a grant from the Office of Naval Research, United States Navy (Con- 
tract No. 74400). A preliminary report of these studies has appeared (Federation 
Proc., 8, 260 (1949)). 
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Since the experiments described below were completed, Nieft and Deye| 
(3) and Nieft (4) have reported studies on the cholesterol esterases of rot 
liver and intestine. The existence of enzyme systems in both organs fo 
synthesizing and hydrolyzing cholesterol esters has been verified. The 
esterifying system requires the presence of phosphate ion and a fatty acid 
source. The activity of the hydrolytic system was accentuated by the 
presence of soya lecithin. Also the hydrolytic system of rat intestine was 
found to consist of at least two factors. 

In planning a detailed and extensive study of the synthesis and hydroly. 
sis of cholesterol esters it seemed necessary first to devise substrate mix. 
tures which could be employed in a variety of different types of experiments, 
and secondly, to characterize the catalytic activity from some easily 
obtainable standard source to provide a basis for assaying various tissues 
and fluids for activity and for comparing the activity from various sources, 
The present report presents our data on a suitable substrate mixture for 
studying the enzymatic hydrolysis of cholesterol esters and a characteriza- 
tion of the hydrolytic activity of a commercial pancreatin. 


EXPERIMENTAL 


Preparation of Cholesterol Oleate—The ester was prepared according to 
the directions of Page and Rudy (5). The product, which was obtained 
in 85 per cent yield, melted at 44.0° and gave no precipitate with digi- 
tonin. For ease in handling it was stored in a vacuum desiccator in the 
refrigerator, for at room temperature the crystals gradually became amor- 
phous and sticky. 

Preparation of Substrate Mixture—A weighed amount (100 mg. or less) 
of cholesterol oleate is placed in each of a series of test-tubes (25 x 200 
mm.), previously tested for use with a stainless steel pestle of the Potter- 
Elvehjem homogenizing apparatus (6), and 0.5 cc. of ethyl ether is added 
to dissolve the ester. The following reagents are then added to each tube 
in order: 1 cc. of 10 per cent sodium glycocholate, 10 cc. of 0.154 m potas. 
sium phosphate buffer, 1 cc. of 1:1000 merthiolate, and 500 mg. of egg 
albumin, impalpable powder, soluble. The contents of the tubes are then 
homogenized for 1 minute. Following this the tubes are placed in 4 
specially designed shaking apparatus at 37° for 1 hour. The tubes are 
moved through a vertical arc of approximately 55° at a rate of 100 ex 
cursions per minute while immersed in a constant temperature bath. 
After the preliminary shaking period which brings the temperature of the 


substrate mixture to that of the bath and removes the ether, the tubes are | 
removed and 1 cc. of enzyme solution or substitute is added to each tube. | 


The contents are mixed well by hand and two samples (1 cc. or less) are 
removed for determination of zero hour values. The tubes are immediately 
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returned to the shaker. The volume of solution in the tubes is not al- 
lowed to fall below 7 cc. during an experiment; so when it is necessary to 
remove more than 8 cc. of samples the amounts of all the constituents 
are doubled. 

We routinely determined both the total and free cholesterol content 
of the samples by the method of Schoenheimer and Sperry (7) with the 
modification of Sperry (8). The determination of both fractions of 
cholesterol allowed for calculations of the per cent hydrolysis of the ester 
on the basis of the increase in free cholesterol or the decrease in cholesterol 
ester and in addition provided data (total cholesterol content) for evalua- 
tion of the uniformity of the emulsion during incubation. Substrate mix- 
tures prepared as described above and shaken for the duration of an ex- 
periment were uniform in total cholesterol content up to 48 hours. In 
general the total cholesterol content of aliquots did not vary more than 


TaBLeE [| 
Total Cholesterol Content of Typical Digests During Incubation 
Tbe digests were prepared as described in the text. pH of digest, 6.6. 





Total cholesterol during incubation 











Digest No. Ba evenness 
0 hr. | 3 brs. 12 hrs. 24 hrs. Average | Variation 
mg. | mg. mg. mg. mg. per cent 
1 16.0 16.6 | 16.9 | 15.9 16.4 | +3.0 
2 15.7 16.3 | 17.1 16.8 16.5 | +4.8 
3 49.7 13.8 49.3 | 50.7 | 49.6 | +2.2 
4 | 
| 


50.4 48.4 | 651.2 49.9 | 50.0 | +3.2 


' 





duplicate analyses on the same aliquot. This result indicates that, within 
the limits of accuracy of the method used for determining the cholesterol, 
the mixtures are uniform in composition throughout the duration of an 
experiment. Occasionally, the total cholesterol content of a single sample 
differed markedly from the average of the others obtained from the same 
digest. These were very likely due to sampling errors and were rejected 
from the calculations. The total cholesterol content of samples removed 
after 0, 3, 12, and 24 hours of incubation of representative digests is given 
in Table I. 

During the development of the substrate mixture a large number of 
emulsifying agents were tested singly and in various combinations. 
Sodium glycocholate and egg albumin were the only combination tested 
which produced a stable and uniform emulsion of the ester. When 1 ce. 
of sodium glycocholate solutions of concentrations less than 10 per cent 
was employed, the total cholesterol content of serial samples indicated that 
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the ester was not uniformly dispersed. While such preparations could be 
used to demonstrate the esterase qualitatively, they were obviously up. 
suitable for quantitative serial studies. On the basis of these findings | 
ec. of 10 per cent sodium glycocholate was adopted as an essential part of 
the substrate mixture. It should be emphasized that the results obtained 
with this substrate mixture only define the activity of the enzyme in the 
presence of this concentration of sodium glycocholate. Sperry and 
Stoyanoff (9) have shown that the effect of sodium glycocholate on choles. 
terol esterase varies with the concentration of bile salt and the source of 
the enzyme. They concluded that the correct explanation for the effects 
of bile salts must await further experimentation. Thus, while the sodium 
glycocholate functioned as an emulsifying agent in the preparation of the 
substrate mixture, it is possible that during incubation it had a secondary 
effect on the activity of the enzyme. However, this secondary effect, if 
present, was a constant in all of the experiments reported below. 


TABLE II 
Determination of Inactivation Temperature of Cholesterol Esterase of Pancreatin 


The digests were prepared as described in the text. Cholesterol oleate, 100 mg.; 
pH 6.6. Incubation time, 24 hours. Portions of a 20 per cent pancreatin solution 
were heated in a water bath for 1 hour at the temperatures designated. 1 cc. of 
heated solutions added to digest. 





OS SO, eae ace: errr re | 1 | 3 4 : 6 





2 
Temperature, “C.............. | 37 | 50 | «(O85 60 | 65 70 
re | 37.7 30.0 17.7 11.3 0.1 0.0 





In preliminary experiments with the substrate mixture, control digests 
containing 1 cc. of water or of boiled pancreatin solution were incubated 
concurrently with active digests. These consistently showed no hydrolysis 
and were omitted in later experiments. 

Characterization of Hydrolytic Cholesterol Esterase of Pancreatin—The 
pancreatin, U. 8. P., Merck, was suspended in a glycerol-water mixture 
(1:1) to give a 20 per cent concentration, except in Experiment IV on 
the effect of the concentration of enzyme. 

Experiment I; Inactivation Temperature—Shope (10) reported that the 
temperature at which the enzyme is inactivated lies somewhere below 
67°, and that boiling for 5 minutes completely destroyed the activity. 
Sperry and Stoyanoff (9) incubated serum for 1 hour at 55-60° to inactivate 
the enzymes before using it as substrate. In the present experiment por- 
tions of the 20 per cent pancreatin suspension were heated for 1 hour at 
the temperatures designated in Table II, and then 1 cc. samples were added 
to the substrate mixture and incubated as usual. The data in Table Il 
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show that the enzyme responsible for the hydrolytic activity was inacti- 
vated by heating for 1 hour at 65°. In several experiments not reported 
here, the activity was completely destroyed by placing the pancreatin 
solution in a boiling water bath for 15 minutes. 

Experiment II; Determination of Optimum pH for Hydrolytic Activity 
Using serum as a substrate, Klein (11) reported two types of hydrolyzing 
cholesterol esterases. One type found in liver, spleen, kidney, and intes- 
tinal mucosa had an optimum pH of 5.3. The other was found in pan- 
creas and was active over a pH range of 5.6 to 9.2, with an optimum 
range from pH 6.3 to 8.7. Recently, Le Breton and Pantaleon (12) re- 
ported that dog pancreas was active at pH 5.3 and at 7.3. 


TaBLe III 
Influence of pH on Hydrolysis of Cholesterol Oleate by Pancreatin 


The digests were prepared as described in the text. Cholesterol oleate, 100 mg. 
Enzyme, 1 cc. of 20 per cent pancreatin. Time, 24 hours. 








! 








pH | 
Digest No Digests 7 | Hydrolysis 

Original buffer eee 
| 0 hr. 24 hrs | 

— 3 | per cent 

1 4.0* 3.35 3.55 2.7 

2 | 4.0 5.25 §.32 20.5 

3 | 5.0 5.33 5.37 20.6 

4 6.0 5.73 5.74 21.8 

5 7.0 6.64 6.40 36.2 

6 8.0 (3 i 6.98 19.2 

Zz 9.0 7.35 7.00 16.3 

8 9.0" 9.60 7.97 0.9 








* See Experiment II in the text. 


A series of potassium phosphate buffers (0.154 m) in intervals of 1 pH 
unit from pH 4 to 9 was used in preparing the substrate mixtures. For 
the extreme values hydrochloric acid and sodium hydroxide were added 
to substrate mixtures containing the buffers of pH 4 and 9 respectively. 
The data, shown in Table III, indicate that the enzyme has a sharp max- 
imum for hydrolytic activity at approximately pH 6.6. In this experi- 
ment and in additional runs there was no indication of a second optimum 
pH for the hydrolytic activity. 

Experiment III; Time-Rate Relationship and Effect of Substrate Con- 
centration—Fig. 1 shows the time-rate curves for three concentrations of 
substrate. The curves for the two higher concentrations approach those 
for a first order reaction. The curve for 33 mg. of substrate is intermediate 
between those for zero order and first order reactions. Comparable data 
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were also obtained with 2.5, 5, and 10 per cent pancreatin solutions. Ip 
general the specific reaction rate decreased with time at all substrate and 
enzyme concentrations studied. 

Experiment IV ; Effect of Concentration of Enzyme—A 20 per cent solution 
of pancreatin was diluted with a glycerol-water mixture (1:1) to give 


concentrations of 2.5, 5, and 10 per cent. The results shown in Fig. 2 
were obtained with 100 mg. of substrate per digest. 


ee 


The percentage 


hydrolysis was not strictly proportional to the enzyme concentration over 
the range studied. There was a decrease in the percentage hydrolysis 
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Fic. 1. Time-rate relationship and effect of substrate concentration. 
were prepared as described in the text. 
per cent pancreatin. 
the curves. 

Fig. 2. Effect of concentration of enzyme. 
Cholesterol oleate, 100 mg. 


in the text. 
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pH of digests, 6.6. Enzyme, 1 cc. of 20 


The amount of cholesterol oleate per digest is indicated on 


SUMMARY 


The digests were prepared as described 
pH of digests, 6.6. The concentrations 
of pancreatin indicated on the curves were prepared by dilution of the 20 per cent 
pancreatin with a glycerol-water mixture (1:1). 


per unit amount of pancreatin as the concentration of enzyme increased. 
This is a common finding with crude enzyme preparations as used in these 
However, the data suggest that under specific conditions 
of substrate concentration, pH, and incubation time a quantitative assay 
of the enzyme activity will be possible. 


The preparation of a cholesterol oleate substrate mixture and standard 


conditions suitable for studying the cholesterol ester-hydrolyzing activity 
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of tissues and fluids are described. The substrate mixture was used in 
d studying the following characteristics of the hydrolytic activity of a com- 
mercial pancreatin. The enzyme was inactivated by boiling for 15 minutes 
or heating for 1 hour at 65°. The optimum pH was approximately 6.6. 








in ; ; ‘ : ; : ; é 
. The time-rate relationships during a 24 hour incubation period for a series 
9 of substrate and enzyme concentrations were determined. 
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ACETYLATION IN THE DIABETIC RAT* 


By FRIXOS C. CHARALAMPOUS anv D. MARK HEGSTED 


(From the Department of Nutrition, Harvard School of Public Health, and the Depart- 
ment of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, May 5, 1949) 


The mechanism of metabolic acetylations has been studied by many in- 
vestigators. Lipmann and his coworkers (1) demonstrated that the en- 
zyme system involved in this reaction requires coenzyme A, a pantothenic 
acid derivative. The indispensability of pantothenic acid for normal 
acetylation in vivo was shown in this laboratory with deficient rats (2). 
The decrease in the acetylation of a dose of p-aminobenzoic acid which is 
found in pantothenic acid-deficient as compared to normal animals is 
presumably due to a decrease in the coenzyme A content of the tissues (3). 
However, deficiencies of thiamine and riboflavin also resulted in some de- 
crease in the extent of acetylation of aromatic amines which did not re- 
spond to the administration of pantothenic acid or additional acetate (4). 
The coenzyme content of various tissues from riboflavin-deficient animals 
was not significantly different from that of non-deficient controls (3). 
To explain these results a deficiency of other components of the enzyme 
system must be implicated, such as the enzyme itself or the energy supply 
required for the reaction. 

Klein and Harris (5) showed an energetic coupling between acetylation 
and respiration, since acetylation of sulfanilamide by rabbit liver slices 
was greatly decreased anaerobically. The addition of acetate, acetalde- 
hyde, and pyruvate increased acetylation to various degrees. These 
results were interpreted as effects upon acetate formation. 

Lipmann (6, 7) subsequently demonstrated that enzymic acetylation 
of aromatic amines depends on the availability of high phosphate bond 
energy. Adenyl pyrophosphate was found to replace the respiratory re- 
actions in pigeon liver homogenates on which acetylation depended. 
Similarly, the acetylation of choline by brain slices or homogenates de- 
pends on the availability of high phosphate bond energy (8-10). 

The results presented in this paper indicate (a) that the acetylation of 
alloxan-diabetic rats is less than normal and (b) that the defect is ap- 
parently due to a relative deficiency of adenosine triphosphate, the im- 
mediate energy source of the reaction. 


* Supported in part by grants-in-aid from the American Meat Institute, Chicago, 
the Milbank Memorial Fund, New York, the Nutrition Foundation, Inc., New York, 
and Swift and Company, Chicago. 
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EXPERIMENTAL 


63 male rats weighing between 280 and 300 gm. were used in this study. 
They were tested for their ability to acetylate p-aminobenzoic acid (PAB) 
and then divided at random into two main groups. Twenty-one were 
used as normal non-diabetic controls, while the remaining forty-two wer 
rendered severely diabetic by the intravenous injection of 40 mg. of alloxan 
monohydrate per kilo of body weight. From 25 to 35 gm. of sugar were 
excreted per rat per day, approximately 10 per cent of the body weight, 
and water intake ranged from 250 to 300 ml. per day, approximately, 
Subgroups of seven animals of each type were used in the tests described 
below. These groups were used repeatedly but the acetylating ability of 
each rat was always determined prior to the administration of any test 
material to be sure that the animal had returned to the basal level of 
acetylation. All animals received a purified diet (11) containing sucrose 
as the carbohydrate and were kept in individual metabolism cages. 

Acetylation was tested by injecting PAB intraperitoneally, collecting 
the following 24 hour urine, and analyzing it for total and free PAB age. 


cording to the method of Bratton and Marshall (12). Unless otherwise | 


specified, 1 mg. of PAB was injected. The amount acetylated was cal- 
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Fig. 
The le 
figures 


culated as the difference between total and free PAB. The values for | 
total PAB excreted are reported as per cent of the dose excreted in the | 


urine during the 24 hour interval. 


Results 


The rats of the first group and those of the second group, before the 
latter were made diabetic, acetylated 76 per cent of the test dose of PAB 
(1 mg.). In the animals rendered diabetic acetylation gradually fell to 
62 per cent, as shown in Fig. 1. Acetylation tests were usually made twice 
a week on the same animal. This fall in the acetylation in the diabetic 
rats was found to be highly significant statistically (P = <0.000001). 

The effect of the size of the dose of PAB on the degree of acetylation 
was studied, since it has been shown (4) that a decrease in the acetylation 
in thiamine-, riboflavin-, and pantothenic acid-deficient animals is only 
evident over a limited range of PAB dosage. Groups of seven diabetic 
and seven non-diabetic rats were injected with doses of PAB ranging from 
0.5 to 10.0 mg. per rat. The results are shown in Fig. 2. It will be seen 
that the difference in acetylation between the diabetic and the non-diabetic 
rats gradually became smaller as the dose of PAB increased. The differ- 
ence is significant with doses of PAB ranging from 0.5 to 3.0 mg. 

Since the volume of urine is large in the diabetic animals (150 to 230 
ml.), and this might hasten the excretion of PAB and lower the extent of 
acetylation, the effect of diuresis on acetylation in normal rats was studied. 
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Fig. 1. Changes in acetylation with time after the production of alloxan diabetes. 
The length of the lines indicates the range of values obtained at each time. The 
figures are the standard deviation of each group. 
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Fig. 2. The relationship of the size of the dose of PAB to the per cent acetylated 
in normal and diabetic rats. 


Food was withheld from eleven non-diabetic rats which were given solu- 
tions of 5 per cent glucose or 8 per cent sucrose as their drinking water for 
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a period of 24 hours, during which time acetylation of PAB was tested. 
Table I summarizes the data with regard to liquid intake, urinary volume. 
and per cent PAB acetylated. Although the severity of the induced diure. 
sis was comparable to that of the diabetic rats, it had no effect on acetyl. 
tion. The diabetic rats and the non-diabetic animals with induced 
diuresis excreted practically all of the injected PAB within the first 2! 
hours. 

Pantothenic acid is part of the coenzyme necessary for the acetylation 
reaction, and, since no information on the requirements of this vitamin 
by the diabetic rat is available, the possibility that the decreased acetyla- 


tion in the diabetic animals might be due to increased requirements of this | 


vitamin was investigated. Seven rats were injected with alloxan and as 


TABLE I 
Effect of Induced Diuresis on Acetylation of PAB in Normal Rats 








Liquid a 24 hrs. | Saeeipirete Urinary volume PAB acetylated 
= | am Ee en ee Se ; 

mi. | ml, per cent 
180 Glucose 5% 135 81 
120 5% 76 76 
50 ss 5% 30 79 
90 5% 60 77 
175 Sucrose 8% 140 76 
170 ee 8% 135 76 
170 - 8% 150 fi! 
150 a 8% 125 74 
175 sg 8% 135 75 
150 ify 8% 105 77 
200 ef % 155 77 





soon as diabetes developed they, together with seven non-diabetic rats, 
were given the purified diet containing no pantothenic acid. The ability 
of these animals to acetylate PAB was determined at intervals. When 
acetylation reached low, constant values, both groups of rats were in- 
jected with pantothenic acid and their response compared. As is shown 
in Fig. 3, the acetylation in the diabetic rats fell to 51 per cent in 30 days, 
while the non-diabetic animals required 115 days to reach the same level. 
The injection of various doses of pantothenic acid increased the acetyla- 
tion of the diabetic rats, but the increase did not reach the predeficiency, 
non-diabetic level and was not influenced by the size of the pantothenic 
acid doses which were tried. On the other hand, the response of the 
non-diabetic, deficient rats reached the predeficiency level and was pro 
portional to the size of the dose. It is apparent that lack of pantothenic 














acid 1 
the pt 
panto 
the de 

Th 


the d 
substi 
aceta 
aceto 
were 


=. 
=} 
=] 


oo 


aw 


% PAB ACETYLATED 
;- Cy 


~ 


jecti 


the 

The 
per 

uM J 
tive 
acet 
fect 
plai 
Lip) 
pho 
syn 





me, 
Ire- 
vla- 
ced 

91 


‘lon 
min 
vla- 


| as 


ats, 
lity 
hen 


wn 
LYS, 
vel, 
yla- 


nic 
the 
IFO 
nic 











F. C. CHARALAMPOUS AND D. M. HEGSTED 627 


acid is not responsible for the low acetylation in the diabetic rat receiving 
the purified diet, and that the lower acetylation in the diabetic rat during 
pantothenic acid deficiency is the result of other factors superimposed on 
the deficiency. 

The possibility that a lack of available acetate in the body resulted in 
the decreased acetylation was investigated by injecting acetate or other 
substances that might give rise to acetate. The substances tested were 
acetate, methyl! ester of acetoacetate, pyruvate, lactate, glyceryl! diacetate, 
acetoin, butylene glycol, diacetyl, and acetyl phosphate. All substances 
were given subcutaneously in isotonic concentrations. With the excep- 
tion of diacetyl and acetyl phosphate, these materials had no effect on 
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Fig. 3. The effect of pantothenic acid deficiency and calcium pantothenate in- 
jections upon the acetylation of PAB in diabetic and non-diabetic rats. 


the acetylation of PAB by either the diabetic or non-diabetic animals. 
The inactive substances were tested at doses ranging from 0.5 to 6 mm 
per rat, while diacetyl and acetyl phosphate were active at 116 and 232 
uM per rat respectively (Table II). The latter two substances were effec- 
tive only in the diabetic animals. The inactivity of acetate and presumed 
acetate precursors suggested that lack of acetate was not the primary de- 
fect in the diabetic rats. The activity of acetyl phosphate might be ex- 
plained on the basis of its function as phosphate donor. Kaplan and 
Lipmann (13, 14) demonstrated phosphorylation of glucose when acetyl 
phosphate was added to pigeon liver extracts. They also (15) showed a 
synthesis of pyruvate when acetyl phosphate, acetate, and ADP! were 


‘ADP = adenosine diphosphate; ATP = adenosine triphosphate. 














628 ACETYLATION IN DIABETES 


TaBLe II 
Relative Activity of Various Compounds Found Effective in Stimulating Acetylation 
of PAB in Diabetic Rats 











No. of animals Per cent PAB acetylated 
Substance injected | of sei Diabetics Coats 
| Diabetics | Controls —— $$ , 
| Before | After Before After 
uM 
Diacety] 14 116 64 6S* 
” - 232 63 76* 76 75 
7 1000 76 77 
Citrate 7 250 | 64 65 
a 7 370 | 62 66* 
" 7 | 7 500 63 78* 76 75 
a-Ketoglutarate 7 100 64 65 
a 125 62 12* 
“ ‘o> ene 250 | 64 | 76* 
3 | | 7 500 | 62 | 7* 76 77 
Succinate | 7 |. 325: | eS 64 
ae 7 | 170 64 69* 
“ Let, | | 250 | 64 | 73* 
t Pee | | 500; 62 | 76* 
es | 7 } 7 | 1000 | 64 77* 76 77 
Fumarate a | 125 | 63 | 64 
“s 7 170 | 63 71* 
“ 3 250 | 64 | 75* 
ee ; Ww a 500 63 76* 
ee as, oe 1000 64 | 78* 75 77 
Malate PR: | | 60 | 63 | 63 
se he 80 64 | 71* 
e 7 | 100 | 64 | 75* 
7 250 63 1% fag 
i | 500 64 78* 
s | 7 1000 | 77 79 
Oxalacetate ar 60 63 64 

ee ae 80 | 63 | 65 

¥ : 125 65 Fig 

es 7 170 63 74* 

F 7 4 7 250 63 76* 76 76 
Acetyl phosphate 14 | 7 232 63 YF dog 77 78 
ATP 7 15 63 65 

— 7 20 62 69* 
- 7 30 63 74* 
si 7 7 100 63 it fo 76 79 
«“ 3 250 | 63 81* 








* (P < 0.01), significant increase. 


added to Escherichia coli extracts and interpreted the results as due to the 
formation of ATP! from the interaction of acetyl phosphate and ADP. 
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The reaction product of the resulting ATP and acetate is the acetyl donor 
for the synthesis of pyruvate. According to the same authors this reaction 
product of ATP and acetate is not identical with synthetically prepared 
acetyl or diacetyl phosphate, because these substances do not function 
as acetyl donors in the in vitro system. 

In view of the activity of acetyl phosphate in raising acetylation in the 
diabetic rats and the necessity of ATP as the energy source for the re- 
action, the effect of injections of ATP and other substances whose oxida- 
tion is coupled with phosphorylation through: the formation of ATP was 
investigated. The substances tried were ATP, compounds of the tri- 
carboxylic acid cycle, adenylic acid (both yeast and muscle), and phosphate 
salts. All were injected subcutaneously. With those substances that 
were found effective in raising the extent of acetylation, the relation be- 
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Fic. 4. Effect of protamine zinc insulin injections upon the acetylation of PAB 
in diabetic rats. 


tween dosage and acetylation was also investigated to determine the 
minimum effective amount. 

As is shown in Table II, the members of the tricarboxylic acid cycle 
tested were effective in increasing the extent of acetylation in diabetic 
rats to normal levels. Essentially maximum acetylation values were 
obtained with 80 um of sodium malate. Oxalacetate and a-ketoglutarate 
appeared somewhat less active, succinate and fumarate still less active, 
and citrate the least active of those materials which affected the acetyla- 
tion. ATP was much more active than any of the other materials studied 
and produced maximum acetylation at a level of 20 to 30 um per rat. 
Adenylic acid and phosphate salts were inactive, thus indicating that the 
activity of ATP is due to the high energy pyrophosphate bond it contains. 

It may be noted that none of the materials active in the diabetic rats 
had any effect upon the acetylation in the control animals. Also, that 
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the acetylation in the diabetic rats was never increased above the norms] 
level even at very high dosages of the various substances tested. 

It is well known that an increase in the level of fat in the diet will amelio. 
rate the diabetic symptoms in the alloxan-diabetic rat (16). In our animals 
an increase in the fat content of the diet from the original level of 5 pe 
cent up to 30 per cent raised the acetylation values to normal. 24 hours 
of fasting produce the same effect as does the administration of insulin, 
However, the effect of insulin is much delayed. As is shown in Fig, 4, 
approximately 10 days were required to obtain normal acetylation, al. 
though the amount of insulin given (1.5 units of protamine zinc insulin 
daily) was sufficient to produce an abrupt fall in urinary sugar and urinary 
volume. Similarly, after the administration of insulin was stopped, the 
diuresis became maximum within 3 days, but the acetylation values fell 
gradually and reached the preinsulin level only after 26 days. Acetyla- 
tion in normal animals was not influenced by daily injections of 0.5 unit 
of protamine zinc insulin for 10 days. 


DISCUSSION 


The data show that under the conditions used in these studies the acety- 
lation of PAB in the diabetic rat gradually falls after the onset of diabetes 
and that this decrease in acetylation is not due to a lack of pantothenic 
acid or the diabetic diuresis. With regard to the latter factor, it may be 
noted that not only was induced diuresis in normal animals ineffective 
in changing the extent of acetylation, but that maximum diuresis after 
withdrawal of insulin in the diabetic animal is obtained within a few days, 
while acetylation falls gradually over a long period of time. 

The results can be interpreted most readily if one assumes that by the 
use of small amounts of PAB as the test substance a measure of the over- 
all rate of metabolic acetylations is obtained; that is, that no stress is 
placed upon any portion of the acetylating system and the amount of 
PAB acetylated is related to the rate of acetylation in the body at that 
time. On the other hand, when large doses of PAB or foreign amines are 
administered, a load may be placed upon the acetylating system and the 
test probably becomes a measure of the amount of acetyl donors avail- 
able. It is also possible that under these conditions the normal metabolic 
processes may be diverted to cover the load placed upon the system. 
If this is the proper interpretation of the test, it may explain apparent 
discrepancies between this work and previous studies which showed that 
acetate, pyruvate, lactate, glycerol (17), butylene glycol, and acetoin 
(18) would increase acetylation of aromatic amines in normal rabbits. 
These materials were not effective in either diabetic or normal rats in the 
present studies at levels much above those used for the members of the 
tricarboxylic acid cycle. Species differences may also be involved but the 
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level of foreign amine administered appears to be an important factor. 

One might also speculate that, if the test as used was a measure of the 
extent of the specific reaction, PAB—acetyl-PAB, rather than a measure of 
the over-all metabolic acetylations, a stimulation of the tricarboxylic acid 
cycle might be expected actually to draw 2 carbon fragments into the cycle 
and thus decrease the amount available for the acetylation of PAB. 

The common characteristic of all the materials, with the exception of 
diacetyl, which were found active in raising the acetylation in diabetic 
rats is that they contain a high energy phosphate bond (ATP and acetyl 
phosphate) or that they stimulate oxidation which should result in a net 
gain of utilizable energy in this form (19-25). On the basis of the in 
vitro work previously cited (7-10) and the fact that ATP itself was the 
most active material tested, it is reasonable to assume that a primary de- 
ficiency of ATP is the cause of the metabolic defect and that the activity 
of other materials resides in their ability to stimulate the formation of 
ATP. The activity of acetyl phosphate is most likely due to its reaction 
with ADP to form ATP as mentioned previously. 

This explanation is consistent with the demonstration by Kaplan and 
Greenberg (26) that the ATP content of the livers of rats during diabetic - 
coma is much below normal levels. He also found an increase in ATP 
after sulin administration (27) and an increase in the rate of incorpora- 
tion of P® into the molecule. 

The activity of diacetyl apparently cannot be explained on the same 
basis at the present time, and is perhaps surprising in view of the in- 
activity of butylene glycol and acetoin. It may act as an acetyl donor 
directly. For the explanation of the effect of high fat diets or fasting in 
increasing acetylation, one may assume that the energy derived from the 
breakdown of fat may be made available as ATP without the intervention 
of insulin. ’ 

The action of insulin itself on acetylation in doses sufficiently large to 
cure the obvious signs of diabetes is very slow in comparison with that of 
the other materials tested. After the withdrawal of insulin, the glycosuria 
and urine volume were maximum after 3 days, but acetylation reached 
aminimum value only after 3 weeks. Thus, as measured by the acetyla- 
tion test, insulin exerts an influence for a much longer time than one would 
assume from other measures of the degree of diabetes. Although the 
mechanism of this is not clear, it is possible that some of the difficulties 
in obtaining consistent results in studies on the site of action of insulin 
in vitro and in vivo, and discrepancies in the literature, may be related to 
this prolonged insulin effect. Kaplan et al. (25) also found that extremely 
high doses of insulin were required to raise the ATP level in the livers of 
diabetic rats. 

It is of some interest that pyruvate was inactive in these tests, although 
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most schemes for the metabolism of this material indicate that it should 
be decarboxylated and enter the tricarboxylic acid cycle by condensing 
with oxalacetic acid without the intervention of insulin. Recent work 
indicates that insulin functions on the hexokinase reaction either indirectly, 
by releasing the inhibitory action of the anterior pituitary (28), or directly 
by accelerating the formation of glucose-6-phosphate from glucose (29). 
or both. Thus a deficiency of insulin would be expected to decrease the 
available pyruvate and this, in turn, would slow down the rate of turnover 
of the tricarboxylic acid cycle. However, if this were the only defect 


u 


in 
diabetes, one would anticipate a stimulation of the tricarboxylic acid eyele 
by an increase in pyruvate supply. The inability of large amounts of 
pyruvate or lactate to increase acetylation in these studies indicates that 
pyruvate alone cannot stimulate the formation of the acids of the tri- 
carboxylic acid cycle in the diabetic animal. The data, therefore, suggest 
the possibility that insulin may be involved in metabolic reactions upon 
which the utilization of pyruvate depends, presumably between pyruvate 
and the tricarboxylic acid cycle. The dicarboxylic acids have been shown 
(30, 31) to be required for pyruvate oxidation. 

Recent studies by Stadie and Haugaard (32) have failed to confirm the 
hexokinase reaction as the site of action of insulin. The diabetes in their 
animals was very mild and most of the work was done 48 hours after alloxan 
injection. There is, however, considerable scattered evidence that pyru- 
vate utilization may be directly influenced by insulin. A careful examina- 
tion of the data on pyruvate tolerance in diabetic dogs by Flock et al. (33) 
shows that the one dog which had been without insulin for 3 days had a high 
and much prolonged blood pyruvate level after pyruvate administration. 
Blood lactate also reached very high levels. Similar but less spectacular 
results were observed in the second diabetic dog which had been without 
insulin for 48 hours. It seems probable, on the basis of the present studies, 
that these animals may still have been under the influence of insulin in 
spite of the high blood sugar levels. Bloch and Kramer (34) found that 
the rate of incorporation of C“ into fatty acids by liver slices was increased 
by insulin when pyruvate, but not glucose, was the substrate. Lice and 
Evans (35) observed increased oxygen consumption and pyruvate utiliza- 
tion when insulin was added to pigeon muscle mince. The insulin effect 
was inhibited by malonate and this could be reversed by fumarate or 
oxalacetate. Krebs and Eggleston (36) and others (37) observed an in- 
crease of the respiration of pigeon breast muscle mince after the addition 
of insulin and suggested that insulin may function in some step in the tr- 
carboxylic acid cycle. This insulin effect was not observed by Shorr and 
Barker (38) when muscle mince from other animals than pigeons, ¢.. 
cat, dog, and rabbit, was used. Similarly Stare and Baumann (39) failed 
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to observe a marked increase of respiration under the experimental con- 
ditions originally outlined by Krebs and Eggleston, but, when a Ringer 
phosphate solution containing 0.2 per cent glucose was used, insulin in- 
ereased respiration, particularly in the breast muscle of depancreatized 
pigeons (40). 

The possibility that members of the tricarboxylic acid cycle might exert 
a beneficial effect in human diabetes has been investigated by various 
workers. Succinic acid was reported to decrease ketonuria in human 
diabetes (41, 42), to have no effect (48, 44), or actually to increase keto- 
nuria (45). Inconsistent results were also obtained with citric acid when 
given to diabetic patients (46), to phlorhizinized dogs (47), and to rats on 
ketogenic diets (48). 


SUMMARY 


1. Acetylation of p-aminobenzoie acid in diabetic rats was found to 
be significantly below the level of that in non-diabetic controls. 

2. Acetylation returned to the normal level after the injection of insulin, 
dicarboxylic acids of the tricarboxylie acid cycle, adenosine triphosphate, 
acetyl phosphate, and diacetyl. Fasting or feeding a high fat diet had a 
similar effect. 

3. Acetate, acetylmethyl acetate, pyruvate, lactate, glyceryl diacetate, 
acetoin, butylene glycol, phosphate salts, adenylic acid, and pantothenic 
acid failed to increase acetylation. 

4. None of the compounds tested increased acetylation in the non- 
diabetic rats. 

5. The influence of insulin on oxidative phosphorylations and acetyla- 
tions is discussed. The data suggest a function of insulin in the utiliza- 
tion of pyruvate. 


We are indebted to Merck and Company, Inc., Rahway, New Jersey, 
The Wilson Laboratories, Chicago, Anheuser-Busch, Inc., St. Louis, the 
Corn Industries Research Foundation, New York, Sheffield Farms Com- 
pany, Inc., New York, and the Gaines Division of General Foods Corpora- 
tion, Hoboken, New Jersey, for generous supplies of materials used in 
these studies. 
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THE UTILIZATION OF AMINO ACIDS AND PEPTIDES BY 
MUTANT STRAINS OF ESCHERICHIA COLI* 


By SOFIA SIMMONDS anp JOSEPH S. FRUTON 


(From the Osborn Botanical Laboratory and the Department of Physiological 
Chemistry, Yale University, New Haven) 


(Received for publication, May 12, 1949) 


In recent communications (1-3), data have been presented concerning 
the growth-promoting effect of peptides on artificially produced mutant 
strains of Escherichia coli which require certain amino acids for growth. 
In these studies, the extent of bacterial growth in a given time was plotted 
against the concentration, in the medium, of the appropriate amino acid or 
of related peptides. In this manner, it was possible to estimate the con- 
centration of each growth factor necessary for the production of half maxi- 
malgrowth. Thus, it was found that equimolar concentrations of L-phenyl- 
alanine and of glycyl-t-phenylalanine were required by a phenylalanineless 
mutant for the promotion of half maximal growth in 24 hours (1). In the 
case of a prolineless mutant, however, the molar concentration of glycyl-.- 
proline which gave half maximal growth in 48 hours was only one-half the 
concentration of L-proline required to produce the same effect (3). With 
a leucineless mutant it was observed that, at low concentrations, equimolar 
amounts of L-leucine and of glycyl-t-leucine promoted growth in 24 hours 
to the same extent. At concentrations above that which caused maximal 
growth, however, the dipeptide exerted an inhibitory action on the growth 
of the mutant strain (2). 

It was evident, therefore, that, although these three mutant strains of 
Escherichia coli can utilize, for growth, peptides derived from the appropri- 
ate amino acids, the mutants exhibited striking differences in their response 
topeptides. In view of these differences, it appeared desirable to examine 
the growth response of the mutants to amino acids and peptides as a func- 
tion of time as well as of the concentration of the test substances. 

In the studies described in the present communication, the synthetic 
minimal medium, consisting of inorganic salts, glucose, and a small amount 
of asparagine (4), was supplemented with the appropriate amino acid or 
peptide and dispensed into Evelyn colorimeter tubes in 10 ml. amounts. 
In what follows, the concentration of test compounds is expressed as uM 
per 10 ml. of medium. The pH of the media was adjusted to 7.1 to 7.2 
with N NaOH as required. 


* This study was aided by a grant from the Rockefeller Foundation. 
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The three bacterial strains used were double mutants of the wild type 
strain K-12 (5). The phenylalanineless strain (No. 58-278) required biotiy 
as wellas L-phenylalanine. The minimal medium for this mutant, therefore 
always contained sufficient biotin to satisfy the requirement for this com. 
pound (1). The prolineless and the leucineless strains (Nos. 679-183 ang 
679-680, respectively) exhibited an additional requirement for L-threonine. 
Since these studies were concerned only with the proline and leucine pr. 
quirements, the minimal medium for these strains was supplemented with 
enough pL-threonine to meet the requirement for this amino acid (2, 3), 

After sterilization in the autoclave, the tubes were inoculated with 
cells harvested from a peptone-yeast extract-agar slant that had been 





incubated for 24 hours at 30° after inoculation. To provide uniform | 


inocula for all tests, an aqueous suspension of cells was prepared with 
an optical density of 0.028 to 0.032, equivalent to a galvanometer reading 
in the Evelyn colorimeter (filter No. 540) of 93.00 to 93.75. In several 
experiments, cells grown in liquid medium were used for the inocula. In 
these cases, a cell suspension having the optical density given above 


was prepared by dilution of the culture with the required amount of sterile | 


water. In all experiments, 0.1 ml. of the bacterial suspension was added 
to each tube and the tubes were incubated at 30°. The extent of bacte- 
rial growth was measured turbidimetrically, in the Evelyn colorimeter, at 
appropriate intervals. During the logarithmic phase of growth, readings 
were taken every 90 to 120 minutes. To facilitate inspection of the growth 
curves given in Figs. 1 to 6, the observed density readings have been 
omitted. 

Phenylalanincless Strain—The response of the phenylalanineless strain 
to several concentrations (0.046 to 1.8 um) of L-phenylalanine and of gly- 
cyl-t-phenylalanine was followed by the method described above. For 


each concentration of test substance, the density of the bacterial culture | 
was plotted as a function of time, and it was found that, at equimolar com | 


centrations, the growth curves for the amino acid and the dipeptide were 
identical (Fig. 1). An increase in the concentration of L-phenylalanine or 
of glycyl-t-phenylalanine above that which promoted maximal growth 
(approximately 0.3 um) caused no change in the growth curve. At col 
centrations below 0.3 um, the height of the growth curve depends upon the 
concentration, in the medium, of phenylalanine, either as the free amino 
acid or as the dipeptide. It may be concluded, therefore, that phenyl 
alanine supplied to the organism in the form of glycyl-L-phenylalanine 8 


utilized for growth as effectively as is L-phenylalanine. If the utilization 


of the dipeptide for growth depends upon its hydrolysis to glycine and 
phenylalanine prior to the utilization of the phenylalanine which ; 
liberated, this hydrolysis must proceed at an extremely rapid rate and 
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cannot be the limiting factor in the initiation of growth or in the rate of 
growth of the mutant. 

Prolineless Strain—Earlier experiments showed that glycyl-t-proline 
promoted the growth of the prolineless mutant more effectively than did 
an equivalent concentration of L-proline (3). In view of the possibility 
that the t-proline used in these studies contained traces of an impurity 
which acted as a growth inhibitor, the growth-promoting activity of the 
free amino acid was compared with that of an acid hydrolysate of the pep- 
tide. 30 mg. samples of L-proline and of glycyl-u-proline were boiled with 
1 ml. of 20 per cent hydrochloric acid under a reflux for 6 hours. To each 
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QO0O0 





HOURS 


Fic. 1. Representative growth curves for the phenylalanineless mutantin the 
presence of L-phenylalanine (solid lines) and of glycyl-L-phenvlalanine (dash lines). 
The figures to the right of the curves denote the concentrations of the test com- 
pounds in wm per 10 ml. 


acid solution about 30 ml. of water were added, and the excess HCl was 
removed by concentration to dryness in vacuo. The residue was taken 
up in a small amount of water, and the solution was neutralized with n 
NaOH. The resultant solutions of acid-treated .-proline and of 
hydrolyzed glycyl-u-proline, as well as an untreated sample of t-proline, 
were assayed for their growth-promoting activity for the prolineless mu- 
tant. At the concentrations of proline used (0.1 to 10 um), the three solu- 
tions showed identical activities. The L-proline preparation used in this 
and earlier studies does not appear, therefore, to contain an inhibitor of 
the growth of the prolineless mutant. 

Confirmation of the earlier observations on the relative activities of 
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L-proline and glycyl-t-proline was obtained when the growth of the Pro- 
lineless mutant was studied as a function of time. As is shown in Fig. 2 
low concentrations (0.12 to 0.44 um) the dipeptide was about twice as 
effective as an equimolar concentration of the free amino acid, and the 
optical density ultimately obtained with any given concentration of 1. 
proline was never as great as that obtained with an equimolar concent. 
tion of glycyl-L-proline. 

At least three possibilities may be considered in connection with this 
phenomenon. In the first place, the peptide may be incorporated into the 
bacterial proteins as such, without prior hydrolysis. While this cannot 
be ruled out completely, it is made less attractive by the fact, reported 
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HOURS 
Fic. 2. Representative growth curves for the prolineless mutant in the presence 
of t-proline (solid lines) and of glycyl-L-proline (dash lines). The concentration 
of the test compound, in um per 10 ml., is indicated for each curve. 


earlier (3), that all proline peptides tested with this prolineless mutant 
were more effective in promoting bacterial growth than was the parent 


amino acid. A second possibility is that a part of the proline supplied to | 


the organism as the free amino acid is converted, in the course of bae- 
terial metabolism, to products which are not utilized for growth, while 
the proline supplied in the form of peptides is less readily converted to 
such products. This explanation finds an analogy in the report of Gale 
(6) concerning the greater growth-promoting activity for Group D strep- 
tococci of acid-treated salmine as compared with arginine. In addition 
to these two possibilities, it must be considered that the presence of pro- 
line in a peptide linkage may make the amino acid more readily available 
for protein synthesis, perhaps by a mechanism involving “transpeptida- 
tion” reactions. It is hoped that further work with the prolineless mu- 
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tant will indicate whether any of these possibilities is operative in the 
peptide metabolism of this organism. 

Leucineless Strain—It had previously been found (2) that, while glycyl- 
t-leucine and L-leucine were equally effective, on a molar basis, with re- 
spect to the production of half maximal growth of the leucineless mutant 
in 24 hours, the dipeptide was markedly inhibitory at concentrations above 
1.5 um. At these high concentrations, neither L-leucine nor a mixture of 
t-leucine and glycine inhibited growth. It was also found that, in high 
concentrations, the dipeptide was inhibitory to the growth of the wild 
type strain (K-12) which can synthesize leucine from the constituents of 
the minimal medium. 

Preliminary to the further investigation of the inhibitory action of 
glycyl-L-leucine, an examination was made of the growth-promoting ac- 
tivity of an acid-hydrolyzed sample of the peptide. Samples of the 
peptide, of L-leucine and of an equimolar mixture of L-leucine and glycine 
were treated with 20 per cent hydrochloric acid in the manner described 
above for the hydrolysis of glycyl-t-proline. The growth-promoting ac- 
tivity of the final solutions of hydrolyzed glycyl-t-leucine, of t-leucine, 
and of L-leucine plus glycine was then determined by using the leucineless 
mutant. As controls, a sample of untreated L-leucine and a mixture of 
untreated L-leucine and glycine were also assayed at the same time. The 
concentrations of the test substances ranged from 0.1 to 4.8 um, and the 
extent of growth was observed at 15, 17.5, 24, and 48 hours after inocula- 
tion. At all times the same growth response was obtained with equivalent 
concentrations of all five test solutions. Thus, the inhibitory action of 
glycyl-t-leucine appears to be a property of the dipeptide per se. 

The relative growth-promoting properties of L-leucine and of glycyl-t- 
leucine were then studied as a function of time, at concentrations of the 
test compounds ranging from 0.1 to 4.8 um (Fig. 3). It will be seen from 
the curves in Fig. 3 that, in contrast to the results with the phenylalanine- 
less and prolineless mutants, the duration of the lag phase of the leucineless 
mutant was greater in the presence of the peptide than of the amino acid, 
and that the initiation of growth in the presence of increasing concentra- 
tions of the peptide required increasingly longer time intervals. Thus, 
if the activities of t-leucine and of glycyl-t-leucine were compared only 
after 24 hours, the higher concentrations of the dipeptide would appear to 
exert an inhibitory effect on growth. However, the extent of bacterial 
growth that was ultimately attained in media containing large amounts 
of glycyl-t-leucine was essentially the same as that observed in the 
presence of corresponding amounts of L-leucine. In these experiments, 
therefore, glycyl-t-leucine exerted a significant inhibitory effect only upon 
the initiation of rapid growth. 
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It seemed possible that the growth of the leucineless mutant in the pres. 
ence of glycyl-L-leucine might depend upon the prior development of adap. 
tive enzymes necessary for the conversion of the dipeptide to a compound 
more readily utilized for growth. To test this possibility, the response of 
the mutant to L-leucine and to glycyl-L-leucine was compared when, jn 
one case, the inoculum consisted of cells grown in minimal medium sup. 
plemented with L-leucine (2.4 um) and, in a second case, of cells grown in 
minimal medium supplemented with glycyl-t-leucine (2.4 um). In both 
cases, the inocula were harvested at a time corresponding to the end of the 
logarithmic phase of growth. No difference was observed in the growth 
response of the two inocula when these were tested in the presence of 
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Fic. 3. Representative growth curves for the leucineless mutant in the presence 
of t-leucine (solid lines) and of glycyl-L-leucine (dash lines). The inoculum was 
taken from a peptone-yeast extract-agar slant incubated for 24 hours. The con- 
centration of the test compound, in uM per 10 ml., is indicated for each curve. 


glycyl-t-leucine. Also, the two inocula gave the same response with L- 
leucine. The behavior of the inocula obtained from the peptide-con- 
taining medium was indistinguishable, therefore, from that of the inocula 
obtained from the medium containing t-leucine. A second set of trans- 
fers to fresh media of cells grown on L-leucine or on glycyl-L-leucine still 
did not show any difference in the growth response of the two inocula in the 
presence of the peptide. In view of these results, it appears unlikely that 
the growth of the leucineless mutant in the presence of glycyl-.-leucine in- 
volves the production of enzymes that are required for the utilization of 
the peptide for growth, and which are not also produced by cells grown in 
the presence of L-leucine. 

In the course of the experiments designed to study the possible forma 
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tion of adaptive enzymes, it was found that, with inocula consisting of 
actively multiplying cells, the difference in the growth response toward 
glycyl-L-leucine and L-leucine was less marked than in the case of inocula 
from agar slants. Comparison of the curves in Figs. 3 and 4 shows that, 
as was to be expected, the “‘young” inocula exhibited a shorter lag period 
than did the “older” inocula, and that this effect is especially striking 
with respect to the growth response to glycyl-t-leucine. Thus the cells 
in the ‘‘young”’ inocula were able to use the peptide more effectively for 
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Fic. 4. Representative growth curves for the leucineless mutant when ‘‘young”’ 
cells are used as the inoculum. The inoculum consisted of cells grown in the pres- 
ence of 2.4 um of glycyl-L-leucine or of L-leucine, and was harvested 2 hours before 
the attainment of maximal growth. Solid lines, growth in the presence of L-leucine; 
dash lines, growth in the presence of glycyl-L-leucine. The concentration of the 
test compound, in uM per 10 ml., is indicated for each curve. 


growth because the increasingly longer lag periods caused by increasing 
concentrations of the dipeptide were now much less evident. 

A second transfer to fresh media of actively multiplying cells cultured in 
the presence of t-leucine or of glycyl-L-leucine resulted in no further 
changes in the duration of the lag phase. On the other hand, when cells 
were allowed to “age” in minimal medium containing L-leucine or glycyl- 
L-leucine for 85 to 95 hours after maximal growth had been attained, trans- 
fer to fresh media gave growth responses with even more pronounced lag 
periods than those shown in Fig. 3. Thus, the lag phase in the presence 
of L-leucine was about 10 hours longer than it had been with an inoculum 
from the agar slant, and the initiation of growth in the presence of glycyl- 
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L-leucine required 13 to 18 hours longer than it had before, depending oy 
the concentration of the peptide. 

Previous experiments had shown that the addition of high concentra. 
tions of glycyl-L-leucine to a medium containing sufficient L-leucine to per- 
mit half maximal growth of the leucineless mutant in 24 hours did not spare 
the requirement for L-leucine (2); the extent of growth was no greater than 
that obtained with the same amount of L-leucine in the absence of glycyl. 
L-leucine. In view of the above results which showed that the peptide 
acts as an inhibitor of the initiation of growth of the leucineless mutant, jt 
appeared desirable to examine more closely the effect of the peptide on 
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Fic. 5. Representative growth curves for the leucineless mutant in media con- 
taining 0.4 uM of L-leucine and varying amounts of glycyl-L-leucine. The concentra- 
tion of the dipeptide, in ym per 10 ml., is indicated for each curve. The arrows at the 
right of the figure denote the maxima of growth curves obtained with media contain- 
ing the indicated concentrations of L-leucine in the absence of the dipeptide. 


the growth of the mutant in the presence of L-leucine. Mutant cells, 
taken from agar slants, were inoculated into media containing a constant 
amount of L-leucine (0.4 um) and varying amounts of glycy]-L-leucine (0.1 
to 2.4 um). As will be seen in Fig. 5, for each dipeptide concentration, 
the duration of the lag phase was the same as that previously found with 
glycly-L-leucine in the absence of t-leucine. The maximum of each curve, 
however, depended upon the total concentration of L-leucine, both as such 
and in the form of the dipeptide. It is of interest that, during the 
logarithmic phase of growth, no breaks in the curves are evident. Ina 
second experiment, in which media containing a constant amount of glycyl- 
L-leucine (0.4 uM) and increasing amounts of L-leucine (0.1 to 2.4 um) were 
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ysed, the duration of the lag phase was the same as that noted in the 
presence of 0.4 um of glycyl-t-leucine without added t-leucine, and the 
position of the maxima was determined by the total concentration of 
t-leucine, as amino acid and peptide. 

The results presented above indicate that glycyl-L-leucine exerts an 
inhibitory effect on the initiation of rapid growth of the leucineless mu- 
tant, and that this inhibition is not overcome by the presence of L-leucine 
in the medium. The extent of the inhibition depends on the concentra- 
tion of the inhibitor and also upon the “‘age’’ of the inoculum. A reason- 
able explanation of this finding is that glycyl-L-leucine inhibits one or more 
of the enzyme systems involved in the utilization of L-leucine for growth. 
As a result, rapid growth could not begin until the concentration of the 
dipeptide had been reduced, possibly by enzymatic hydrolysis, to a level 
that is no longer inhibitory. This interpretation would serve to explain 
the progressive increase in the duration of the lag period with increasing 
concentrations of glycyl-L-leucine. The decreased inhibitory effect of the 
dipeptide observed with inocula taken from actively multiplying cultures 
may be due to a higher enzymatic activity of such cultures in the utiliza- 
tion of L-leucine for growth or in the hydrolysis of glycy]-t-leucine. 

When glycyl-t-leucine is the sole source of the essential amino acid in 
the medium, the utilization of the dipeptide for bacterial growth may 
be assumed to involve prior enzymatic hydrolysis to give free L-leucine. 
While no definite statement can be made concerning the rate of this re- 
action, it seems probable that it can proceed fairly rapidly.'! The results 
presented above suggest that the utilization of the L-leucine liberated from 
the dipeptide is inhibited by the unhydrolyzed glycyl-t-leucine, since the 
duration of the lag phase is dependent upon the initial concentration of 
the dipeptide, both in the absence and in the presence of free L-leucine in 
the medium. 

It is of interest that, in the presence of sufficient L-leucine to permit bac- 
terial growth, the addition of 10.6 um of glycyl-p-leucine did not cause a 
measurable inhibition of growth in 24 hours (2). It would appear, there- 
fore, that the prolongation of the lag phase by glycyl-1-leucine depends 
on the presence of the L-amino acid residue in the peptide. 

In view of the finding that glycyl-t-leucine, at high concentrations, in- 
hibited the initiation of rapid growth of the leucineless mutant, it appeared 
desirable to determine whether other derivatives of L-leucine would show 
a similar effect. L-Leucinamide acetate was selected for such studies, since 
it had been found previously (2) that this compound exhibited only about 

‘It has been found that aqueous extracts of strain K-12 of EZ. coli, as well as of 


several mutant strains of this organism, exhibit strong peptidase activity toward 
glyeyl-u-leucine (J. E. Ziegler and J. S. Fruton, unpublished experiments). 
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7 per cent of the growth-promoting activity of L-leucine, as judged by thy 
relative concentrations required for the production of half maximal grows 
in 24 hours. 

As shown in Fig. 6, the duration of the lag phase in the presence of suff. 
cient L-leucinamide acetate to produce visible growth is similar to that 
noted in the presence of L-leucine (Fig. 3). However, growth in the pres- 
ence of the amide was quite slow, except at very high concentrations, Fo 
the purpose of comparison, the maxima of the curves obtained with vayy. 
int concentrations of L-leucine are indicated at the right of the figure. I 


0257] 


0.05=) 











0.00 





HOURS 


Fra. 6. Representative growth curves for the leucineless mutant in the presence 
of L-leucinamide acetate. The inoculum was taken from a peptone-yeast extract- 
agar slant incubated for 24 hours, as in Fig. 3. 4 The concentration of the test com 
pound, in um per 10 ml., is indicated for each curve. The maximal growth in the 
presence of various concentrations of L-leucine is indicated by arrows at the right 
of the figure. 


is clear, therefore, that the low growth-promoting activity of L-leucina- 
mide acetate, found earlier in short term experiments, was not due to 4 
prolongation of the lag phase, but to a less effective utilization of the amide 
as a source of L-leucine. 

When “young” cells, grown in the presence of L-leucine or of L-leucin- 
amide acetate, were inoculated into fresh media containing these com- 
pounds, there was no change in the relative growth-promoting activity a 
the amino acid and the amide. The duration of the lag phase was short- 
ened to the same extent, but the slopes of the curves and the maxima at- 
tained were not altered significantly. It may be added that, when 
leucinamide acetate was subjected to acid hydrolysis, the resulting solu- 
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tion exhibited the growth-promoting activity to be expected on the basis 
of the L-leucine formed. These data offer evidence in support of the view 
expressed earlier (2) that L-leucinamide acetate is probably cleaved by 
the mutant prior to utilization for growth and that the rate of this cleav- 
age by the bacterial peptidases is relatively slow. 


DISCUSSION 


The results of the present study point to the fact that, in studies of the 
bacterial utilization of metabolites, measurement of growth at a single 
time interval may occasionally be somewhat misleading. The findings 
with the lewcineless mutant of Escherichia coli emphasize the desirability 
of determining the complete growth curve since, if peptides such as glycyl- 
i-leucine are present in the medium, the growth response may be greatly 
delayed. This has obvious implications in the use of microorganisms for 
the amino acid assay of complex mixtures such as biological fluids. 

It would be premature to attempt to evaluate the general significance 
of the prolongation of the lag phase by glycyl-t-leucine; further studies, 
it is hoped, will clarify the possible relationship of this finding to the bac- 
teriostatic action of naturally occurring peptides such as gramicidin. It 
is clear, however, from the data on the phenylalanineless and prolineless 
mutants, that glycyl-L-phenylalanine and glycyl-L-proline, respectively, 
do not induce the effect observed with the leucine peptide. 

The results with the phenylalanineless and leucineless mutants support 
the view suggested earlier (1, 2) that, in most cases studied thus far, the 
utilization of peptides for growth involves prior hydrolysis by the bac- 
terial peptidases, which make the essential amino acid available to the 
organism. ‘The behavior of the prolineless mutant indicates, however, 
that this may not be the sole metabolic pathway of peptides. In this 
connection, it may be added that a microorganism has recently been iso- 
lated which can utilize u-leucylglycine for growth, but which will not grow 
ina mixture of the component amino acids (7). It may be expected that 
the continued study of bacterial strains which exhibit such unusual growth 
requirements will provide useful data on the metabolic transformations 
af peptides. 


SUMMARY 


A study has been made of the growth-promoting activity of amino acids 
and dipeptides for three mutant strains of Escherichia coli. Growth curves 
were obtained for a phenylalanineless, a prolineless, and a leucineless strain 
by measuring the extent of bacterial growth as a function of time at vary- 
ing concentrations of the appropriate amino acids and related peptides. 

The phenylalanineless strain was found to give exactly the same growth 
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response to equimolar concentrations of L-phenylalanine and glycyl.. 
phenylalanine. 

The prolineless strain was found to grow about twice as well in the pres. 
ence of glycyl-L-proline as in the presence of L-proline when growth was 
limited by the amount of proline in the medium, either as the free amino 
acid or as the dipeptide. The growth curve for any given concentration 
of glycyl-L-proline was similar in all respects to the curve for approximately 
twice the same concentration of L-proline. | , 

With the Jeucineless strain, it was found that the initiation of 
rapid growth required a longer period in the presence of ghycy]-L-leucine 
than in the presence of L-leucine and that the duration of the lag phase 
increased with increasing concentrations of the dipeptide in the medium. 
However, approximately the same amount of bacterial growth was ulti- 
mately attained in the presence of equimolar concentrations of L-leucine 
and glycyl-t-leucine. The inhibition of the initiation of growth by the 
dipeptide was much less evident when the inoculum consisted of cells taken 
from an actively multiplying culture. The relative response of the mv- 
tant to L-leucine and glycyl-L-leucine was found to be independent of the 
composition of the medium in which the inoculum was cultured 

Growth of the leucineless strain in the presence of L-leucinamide acetate 
was found to be slow, except when the medium contained high concentra- 
tions of this compound. 
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Various studies in poultry nutrition have indicated that certain diets 
based on vegetable products are deficient in a hatchability-promoting or 
growth-promoting factor which is associated with certain animal protein 
materials (1-4). Hammond and Titus (5) studied the effect of a diet of 
corn, soy bean meal, alfalfa meal, butyl fermentation residues, minerals, 
and vitamin D; on chicks and found that growth was improved by adding 
2 per cent of sardine meal. The term “animal protein factor” has been 
used for the dietary factor which is needed for the growth of chicks on 
diets consisting principally of corn and soy bean meal (6-8). Later work 
with the diet of Hammond and Titus showed that dried cow manure had 
an effect similar to that of sardine meal in promoting growth (9). 

The studies by Hammond et al. were continued by Bird and coworkers 
who noted that the dietary deficiency was accentuated by increasing the 
dietary level of soy bean meal to 70 per cent (10). It was also found 
that the storage of the protective factor in newly hatched chicks was 
markedly reduced by limiting the supply of the factor in the diet of the 
parent hens (11, 12). Recently, it was shown by Ott and coworkers (13) 
that “vitamin By” was effective in promoting the growth of chicks on a 
diet which was deficient in the “animal protein factor.” This finding was 
confirmed by Lillie and coworkers (14), who concluded that crystalline 
vitamin By was completely effective when tested with chicks and a corn- 
soy bean meal diet as described by Bird and coworkers (15). 

In the present investigation, it was found that chicks on a corn-soy 
bean diet appeared to require some other factor in addition to vitamin 
By for maximum growth. 


EXPERIMENTAL 


Chick Assay—New Hampshire pullets and cockerels were placed on 
Diet 1 at 6 months of age. The birds were kept in a laying house either 
on a raised wire floor or on a sugar-cane litter which was changed at fre- 
quent intervals. After a depletion period of 2 weeks, the eggs laid by 
these pullets were incubated to serve as a source of chicks. These were 
placed in electrically heated battery brooders with 3 inch mesh wire floors 
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in an air-conditioned room at 28° and were fed the experimental diets 
immediately. Diet 2 (Table I) was used as the deficient basal diet. and 
ten to twelve chicks were customarily placed in each group. They wer 
weighed at frequent intervals, and growth and survival were used as eri. 
teria for estimating the potency of supplements during an assay period 


TABLE I 
Composition of Basal Diets 





Ingredient | > Diet 1 (hens) | Diet 2 (chicks 
| gm. wi a 
Soy bean meal, solvent process.................... i 30 70 
SI Thy waitd> Ga iciedas olan seis cei a 88 23.1 
RO ee ree eer bs nigh eae 5 
0 ET Peer rere 3 eee 4.2 
Calcium carbonate..... ie raiguevets ee 8 2.3 2.0 
eee eee yi jen L7 
EEE Brn ee FT ee eee) 0.7 0.8 
Vitamin mixture in glucose (see below).................. | 1.0 1.0 
Corn oil + vitamins A, D, and Ef.. regal 1.0 
Vitamin A and D feeding oil.... eon Steen ees 0.2 
Methionine (pL-). .. 0.3 
Choline chloride | 0.2 
Vitamin mixture | meg. mg. 
A 6 va wasp aie acd Mw ancwalice whine | ] 
lac ae id oi iss eax ans | 1 ] 
Niacinamide............ mm 5 
Perigoxine: .). 2.63... $F ; bi 1 l 
Calcium pantothenate. ......... yey eee se 5 5 
NN NUN yo dgeaic's ssics'c vdcciewsvicsadacn sau 1 0.2 
1-Acetoxy-2- spikes 4- ‘apace sodium phosphate. ....| 0.5 
RADU. ;...; Fg Me ett 5 Lis hee ercce Mtale's Teta A | 0.02 
ES Se tal Mon Pee, us coin ed ca Gkdus Choa abaliic oh | Tolgm. | Tol gm. 








* The salt mixture is composed of the following in gm.: bone ash 1000, K, HPO, 
200, KH2PO, 225, MgSO, 125, MnSO, (anhydrous) 40, ferric citrate 25, CuSO,-5H.0 
1.0, K1 0.3, Zn acetate 0.7, Alo(SO,)3-18H.O 0.8, cobalt acetate 0.2, Ni carbonate 0.1, 

+ See reference (16) but with corn oil to 1 gm. rather than to 3 gm. 


of 25 days. Supplements in certain cases were administered at weekly 
intervals by intramuscular injection or were fed by pipette and in other 
cases were added to the basal diet. 

Vitamin By, Preparations—Concentrates were prepared from liver ex- 
tract (15 units per ml.) by chromatography on silicic acid columns (17). 
A pink fraction was separated by this means which was purified by fur- 
ther chromatography and was found to give a characteristic absorption 
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spectrum with peaks at 273, 351, and 525 my. These peaks were thus 
at markedly different points from those reported for the crystalline anti- 
pernicious anemia factor (APA factor) at 278, 361, and 550 muy respec- 
tively (18). Microbiological assay with Lactobacillus leichmannii 313 
(19), with use of APA factor (17) or vitamin By (Cobione, Merck) as 
standards, was used to evaluate the potency of various preparations of 
this fraction. A solution, “Concentrate 1,” of this fraction (vitamin By) 
was selected for study with chicks. Its microbiological potency was 
found to correspond closely with the absorption value measured at 535 
mu, when a value of 54 is taken for the extinction coefficient (E}%,.) of 
the crystalline factor (18). Concentrate 1 was adjusted to various appro- 
priate dilutions so that an injection of 0.1 ml. supplied the requisite 
weekly dose. In some experiments, crystalline APA factor (Glaxo) or 
vitamin By (Cobione, Merck) were used as supplements. 

Fermentation Materials—The organism Streptomyces aureofaciens (20) 
was grown in deep aerobic culture and the resulting material was studied 
for “animal protein factor’ activity... The entire fermented mash was 
fed in some experiments and in others a fraction (Fraction 1) was pre- 
pared by removing the soluble portion of the culture and drying the 
mycelium together with some filter aid. Fraction 1 was assayed micro- 
biologically with Lactobacillus leichmannti 313, and various batches were 
found to have a potency corresponding to 0.4 to 1.0 y of vitamin By per 
gm. The potency in the chick assay appeared to be appreciably higher, 
equivalent to about 4 y per gm. 


RESULTS AND DISCUSSION 


On the basal diet, mortality was high and the surviving chicks grew 
slowly. Anemia was not found. Growth was rapid and most of the 
chicks survived when an adequate supplement was administered promptly 
alter hatching either by injection or by addition to the diet. Many of 
the chicks died if the supplementation was withheld for a few days and 
for this reason a period of depletion was not used. 

Liver Extract 1 was a bulk 15 unit preparation. It was assayed micro- 
biologically many times and was found to have a potency corresponding 
to about 25 y of vitamin By per ml. In the chick assay, groups which 
received 0.6 ml. of Liver Extract 1 usually reached an average weight of 
200 to 220 gm. at 25 days. Higher levels of Liver Extract 1 produced 
only slightly heavier weights, while in experiments which are not sum- 
marized in this report, levels of 0.4 ml. or less resulted in lower weights. 

‘Samples of the mash were kindly furnished by Dr. M. A. Petty and Dr. A. S. 


Phelps, Chemical Production Section, Lederle Laboratories Division, American 
Cyanamid Company. 
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With vitamin B,. or with Concentrate 1, the maximum average weight 


was in the neighborhood of 200 to 210 gm. at 25 days. 


TABLE II 


Response of Chicks on Diet 2 to Various Supplements 
Twelve birds were used per group. 








Weight and No. of sur rvivor $ 























Supplement — — ‘Amount niceted bes cnipenesiet at 2 i 
| | anal we, hag Exr periment 
j gm gm. 
ee a pee ee as 114 (3) | 110 (3) 
STEMI Cad ats cms eames 64 (1) | All dead 
Liver Extract Y: 0.010 ml. | 194 (12) 
si | PIR is eet O.015 ** 235 (12) 
. i ow 0.75 ml. 200 (10); 
sa Laval peunters 1.25: ** 219 (10); 
se a, eee eee 6. * 230 (11)| 216 (12) 
tego = POR PLE _ | | 
+ brewers’ dried yeast...| 100 gm. | 193 (12) 
Liver foxtact 2... soe. oak 3.0 ml. | 
+ alfalfa meal........... 50s gm. | 208 (12)) 
Liver Extract 1............ 3.0 ml. 
+ dried distillers’ solu- | 
| SLA Se rears (i gm. | 230 (12) 
Liver Extract f............ 3.0 ml. 
+ fish solubles........... 40 gm. 247 (11) 
Crystalline APA factor*.... 0.2 y¥ 177 (11) 
Concentrate 1, vitamin Bi; 
equivalent to. 0.13 “ 147 (9) | 
ima 0.33 “ 211 (10) 
ee aon | | 179 (12) 
“ “ oS * | 208 (12) 
- es 0.26 ‘fT | | 158 (9) 
re caalh ; 0.53 “ft | | 203 (11) 
Dried S. aureofaciens mash. ‘= * 155 (7) 
“ ‘“ “ “ 6 “ | 222 (12) 
t“ “c “6é “ 20 “ce | 270 (10) 
“6 rT “ 60 “ | 77 (12) 





| 





* Glaxo Laboratories. 
t Fed by pipette once weekly. 


The results in Table II illustrate some of these points, and also show 
that the addition of yeast, alfalfa meal, distillers’ solubles, or fish solubles 
produced little or no increase in growth beyond that obtained with liver 
extract. However, higher maximum weights were obtained with Strep- 
tomyces aureofaciens mash, 20 or 60 gm. per kilo of diet. 
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The results indicated that Concentrate 1 was utilized from 50 to 75 
per cent as effectively by mouth as when injected into chicks. In pa- 
tients with pernicious anemia it was found that, unless normal human 
gastric juice was also given, the oral administration of vitamin By was 
ineffective when 5 y were given daily (21, 22), but a daily injection of 1 y 
produced an excellent response in similar patients (23). The present 
results with chicks indicated that these animals were able to utilize vita- 
min By almost as effectively by mouth as when injected. This efficient 
utilization of orally administered vitamin By, by presumably normal ani- 
mals serves to emphasize the profound nutritional significance of the gas- 
tric lesion in pernicious anemia. This lesion may be presumed to be the 


TaB_e III 


Experiment 4; Comparison of Effects of Supplements As Related to Composition of 
Diet (Ten Chicks per Group) 








; 
} Weight and No of survivors 








Sapelenent | — in diet | (in betes 25 days 
| Diet2 | Diet 3* 

| gm. gm. 
a6 2 ee ary aig tare eae eaten wae | 103 (3) 162 (9) 
8. aureofaciens, Fraction 1............... 2.5gm. | 140 (7) 239 (10) 
« " " rere 5.0 “ | 210 (10) 240 (10) 
¥s ss Bo. ei ames oe | 230 (10) 261 (9) 
ve si - | EPO ee err 30 - | 271 (11) 266 (10) 
|S MRT TECET ree 0.3 ml. 202 (10) 

. “ ; a ae 10 Xb ee ee ae 0.6)" | 209 (10) 

. - Ds cigs a6, Sone RRO Lo | 212 (9) 226 (10) 











* Diet 3 differed from Diet 2 in that it contained 30 per cent soy bean meal and 
63.1 per cent yellow corn-meal. 


primary cause of the syndrome in human patients, inasmuch as the result- 
ant absence of normal gastric juice appears to reduce greatly the uptake 
of vitamin By» from the gut. 

Assuming that 1.0 ml. of Liver Extract 1 per kilo of diet furnished suf- 
ficient vitamin By, the results in Table III constitute further evidence of 
the presence of an auxiliary growth factor in the Streptomyces aureofaciens 
fermentation material. Other results in Table III supply confirmation 
of the observation of Rubin and Bird (10) who noted that a deficiency of 
the “cow manure factor’ in chicks was accentuated by increasing the 
level of soy bean meal in the diet. 

Further results are summarized in Table IV, indicating that the vita- 
min By requirement of chicks on Diet 2 was satisfied by 0.3 y of the erys- 
talline material injected weekly or by 15 y per kilo of diet. Again, 
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growth with vitamin By alone was slower than when the Streptomyces 
aureofaciens fermentation products were fed; evidently vitamin By» did 
not remedy completely the deficiency of the basal diet. These results 
indicate that in terms of the experimental conditions encountered the 
“animal protein factor” consisted of vitamin By plus some factor as yet 
unidentified. In other experiments, a residue obtained by hot water ex- 
traction of keef and pork livers has been found to furnish the supple- 
mentary factor. 


TaBLe IV 
Comparative Effects of Vitamin B\. and S. Aureofaciens Fractions 


ee eae | 








Weight and No. of 























survivors (in parentheses) 
| | at 
p | Amount injected —_—___— 
Supplement \Level in diet per os aa % indi | aN 
| Experiment | Experi tment 
- * J ae | 5 | 6 
mean ve 
NE SN ss Sy oss S ove .d suas ts - yn 136 * ) 
EEE ieccvisnte<tsee nee | 0.3 230 (11) 
Re tees caus ea tn uene 0.5 242 (11)| 
i ge EA ae by | | 163 (11) 
* Ream ak A he ks Rial iia 30 “ | | | 182 (12) 
ee eee ec alaty | | | 186 (11) 
Dried S. aureofaciens mash..... 23 gm. | | | 222 (12) 
S. aureofaciens, Fraction 1..... | nn | 288 (10) 





* Merck and Company, Cobione. 


The presence of vitamin By activity in culture broths of several species 
of Streptomyces was noted by Rickes and coworkers (24), who reported 
the isolation of crystalline vitamin By» from the culture broth of a strain 
of Streptomyces griseus. 

It was noted by Nichol et al. (25) that a vitamin By. concentrate pro- 
duced growth in chicks as rapid as that obtained by adding liver extract 
or fish solubles to the diet. However, the chicks on their basal diet 
reached the comparatively high weight of 237 gm. at 4 weeks, which 
would indicate that a more acute deficiency was encountered in the pres- 
ent investigation. 


SUMMARY 


1. A method for the biological assay of “animal protein factor” with 
chicks is described. 
2. A level of 15 y per kilo of diet or 0.3 y injected intramuscularly each 











week Vv 
maxim 
added. 
or no § 

3. A 
a high 
of vita 

4, T 
the in; 
tered 
min in 
by pa 

The 


mals i 
kindly 














STOKSTAD, JUKES, PIERCE, PAGE, AND FRANKLIN 653. 


week was found to supply the vitamin Biz requirement of the chicks, but 
maximum growth was not obtained until certain other supplements were 
added. Yeast, alfalfa meal, distillers’ solubles, or fish solubles had little 
or no effect in this regard. 

3, A fraction from Streptomyces aureofaciens cultures was found to have 
a higher potency for chicks than for Lactobacillus leichmannii as a source 
of vitamin By. 

4, The oral potency of vitamin By. was found to be 59 per cent that of 
the injected potency as estimated by the effects of a concentrate adminis- 
tered weekly. This efficient utilization of the orally administered vita- 
min in normal animals is contrasted with the reports of its inefficient use 
by patients with pernicious anemia. 


The assistance of Vincent Stryeski in the care of the experimental ani- 
mals is gratefully acknowledged. Samples of crystalline APA factor were 
kindly furnished by the Glaxo Laboratories, Ltd. 
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PREPARATION OF PURIFIED HYALURONIDASE FROM 
BOVINE TESTIS 


By MONROE E. FREEMAN, PEARL ANDERSON, MARIAN OBERG, anv 
ALBERT DORFMAN* 


(From the Department of Chemistry and Physics, Army Medical Department 
Research and Graduate School, Washington) 


(Received for publication, May 4, 1949) 


Numerous procedures for the extraction and partial purification of 
hyaluronidase from bovine testis have been reported in the literature 
(I-11), but, in nearly all cases, the procedures have not been extended to 
the production of highly purified preparations. Hahn (11) has given de- 
tailed directions for the preparation of small quantities of the highly 
purified enzyme, but the method is long, tedious, and feasible only for 
the preparation of small quantities. The recent wide interest in hyaluron- 
idase and its possible relation to several physiological and medical prob- 
lems has prompted this laboratory to investigate simpler and easier tech- 
niques for preparing the enzyme in sufficient quantity to facilitate 
investigations into the nature of the purified enzyme and its physiolog- 
ical behavior. Since other laboratories are engaged in similar experi- 
mentation, a simplified procedure for preparing hyaluronidase of fairly 
high purity is presented here in detail. 

Many of the steps for purification that have been previously reported 
were critically examined, as well as the varying conditions, with respect 
to temperature, pH, concentrations, ionic strength, etc. These steps 
have been accordingly rejected or incorporated into the following reccm- 
mended procedure. The supporting data for these numerous experiments 
and selections are too voluminous to be presented here. Only the details 
of the selected steps will be given. In general, the following steps were 
found to be the most advantageous in regard to econcmy of time, effort, 
and yields of active product: (1) extraction of fresh testicular tissue with 
acetic acid; (2) preliminary precipitation of the active fraction with 
ammonium sulfate; (3) dialysis and removal of inactive, water-insoluble 
material; (4) fractional precipitation with ammonium sulfate; (5) frae- 
tional precipitation with ethanol; (6) refractionation with ethanol; and 


(7) refractionation of low activity fractions with ammonium sulfate or 
ethanol. 


* Present address, Department of Pediatrics, University of Chicago, Chicago. 
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656 HYALURONIDASE FROM BOVINE TESTIS 


EXPERIMENTAL 
Methods 


Units of hyaluronidase are reported as arbitrary units (Dorfman and 
Ott (12)). This unit is nearly the same as the unit of other laboratories. 
with similar conditions and reagents for assay (13). It should be noted. 
however, that this “‘standard”’ unit was arbitrarily selected from an early 
enzyme preparation in this laboratory. A constant value of this stand. 
ard unit has been maintained by frequent comparison of new preparations 
with the original standard. 

Total nitrogen was determined by micro-Kjeldahl digestion and direet 
nesslerization, ammonia nitrogen by direct nesslerization. Approximate 
protein nitrogen was estimated by the difference of total and ammonia 
nitrogen. Exact protein determinations were carried out by micro- 
Kjeldahl! digestion and nesslerization of dialyzed samples. 


Preparation of Hyaluronidase 


Extraction with Acetic Acid—Frozen bovine testes! were partly thawed, 
decapsulated, and minced by machine. The cold mince was rapidly 
stirred by motor for 1 hour with an equal weight of 0.1 N cold acetic acid 
and allowed to stand overnight at 5°. The material was centrifuged at 
5000 r.p.m. for 15 minutes. The residue was extracted two times more 
with one-third the original weight of 0.1 N acetic acid. The additional ex- 
tractions increased the yield of crude enzyme about 15 per cent. Ex- 
tracts were combined and filtered with suction through a half inch pad of 
filter paper pulp. The filtrate, 2 liters per kilo of fresh tissue, contained 
about 800,000 units of hyaluronidase with a purity index of 250 units of 
enzyme per mg. of nitrogen. 

Preliminary Precipitation with Ammonium Sulfate—212 gm. of solid 
ammonium sulfate were stirred rapidly into each liter of crude extract 
and allowed to stand a short time at 5°. The voluminous inactive pre- 
cipitate was removed by gravity filtration and discarded. The clear 
filtrate was stirred with an additional 282 gm. of ammonium sulfate and 
allowed to stand overnight. The active precipitate was separated from 
the inactive supernatant by siphon and gravity filtration. The crude 
precipitate from each kilo of tissue was dissolved completely in 150 to 
200 ml. of water. The solution contained at least 90 per cent of the en- 
zyme extracted by the acetic acid, with a purity index of 800 to 1200 
units per mg. of nitrogen. 

Dialysis—After 12 to 24 hours dialysis against running tap water, 
cooled to 5°, a voluminous inactive fraction flocculated and was separated 


1 Frozen bovine testes were supplied through the courtesy of Armour and Com- 
pany, Chicago, Illinois. 
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by suction filtration through paper pulp. Low temperature was essential 
during dialysis, since the enzyme at this stage was unstable in water cus- 
pension at room temperature. 20 to 40 per cent losses may be antici- 
pated if the dialysis is conducted at room temperature. 

Fractional Precipitation with Ammonium Sulfate— 2&0 gm. of solid am- 
monium sulfate were rapidly stirred into each liter of dialyzed filtrate. 
Refrigeration was not essential when crude enzyme preparaticns were in 
contact with high concentrations of armonium sulfate. The suspension 
was rapidly filtered through paper pulp to yield a water-clear filtrate. 
Occasionally, voluminous precipitates required one or more changes of 
filter pads. Cloudy filtrates were rapidly passed again through a small 
thick (1 inch) filter. Filter pads containing the precipitates were re- 
served for extraction. The clear filtrate was treated with additional 50 
gm. of ammonium sulfate per liter, increasing the salt concentration to 
26 per cent. The resulting precipitate was removed as described above. 
Additional precipitates were successively removed at 28.5, 31, and 33.3 
per cent ammonium sulfate. 

The filter pad and precipitate from each fraction were immediately 
mixed (Waring blendor) with 0.015 m phosphate-citrate kuffer, pH 5.0, 
containing 0.9 per cent sodium chloride. ‘The thick pulp suspension was 
poured into a Biichner funnel, drained, and well packed by suction. The 
cloudy filtrate was clarified by pouring again through the packed filter 
pad. The filter paper was extracted a second time with a minimum quan- 
tity of buffer. The extracts were combined and assayed for ammonia 
nitrogen, protein nitrogen, and hyaluronidase. 

It has not been feasible to reproduce rigidly the exact conditions of each 
batch of tissue treated; consequently, the distribution of enzyme in the 
several ammonium sulfate fractions has varied with different runs. How- 
ever, the general pattern was clear and is illustrated in Table I, which 
indicates the general distribution and yields that may be normally ex- 
pected. The values (Table I) are averages of three typical batches, each 
totaling about 7,000,000 units of enzyme, each extracted from about 9 
kilos of fresh tissue. 

About 44 per cent of the enzyme in the acetic acid extracts was recovered 
with a purity index of 2000 units per mg. of protein nitrogen, a 23-fold 
increase in the enzyme to nitrogen ratio, and was reserved for ethanol 
fractionation. Another 23 per cent with somewhat lower activity (1400 
and 1070 units per mg. of N) was recovered in the 31 and 23 per cent am- 
monium sulfate fractions. These fractions of lower activity were com- 
bined and carried through the ethanol fractionation separately. These 
lower grade fractions usually required several additional fractionation 
steps and, therefore, were not pooled with the best fractions. _ 

Ethanol Fractionation—It was found to be very important to maintain 
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temperatures below 0° whenever the enzyme was in contact with ethanol, 
To this end, the fractionation with ethanol was carried out in 8 liter bot. 
tles, Biichner funnels, and suction flasks immersed in a refrigerated bath 
at —5°. The suspensions and filtrates were stirred by motor and trans. 
ferred by air pressure. 

All available fractions from the ammonium sulfate treatment that had 
an activity near 2000 units per mg. of nitrogen were diluted to a concen. 
tration of approximately 0.16 mg. of N per ml. with 0.015 m phosphate. 
citrate buffer, pH 5.0, containing 0.9 per cent NaCl. The solution was 
cooled to —5°; and ethanol, previously cooled in an alcohol-CO, bath, was 
slowly added with rapid stirring (motor) to a concentration of 0.1 mole 
fraction. After standing for 1 hour, the slightly turbid suspension was 
pumped by air pressure onto a paper pulp filter and the suction flask 
immersed in a refrigerated bath. The water-clear filtrate was returned to 


TaBLe I 
Ammonium Sulfate Fractionation of Crude Hyaluronidase Extracts 




















Congearatizn of | sonidase recovered per | Hyalurontae recovered | Purity index: units 
per cent per cent 
20 45,000 6 460 
23 47 ,000 6 1400 
26 126,000 17 2400 
28.5 207 ,000 27 2020 
31 130,000 17 1070 
33.3 22,000 3 630 











the mixing carboy and ethanol was again added to the concentration of 
0.15 mole fraction. Additional precipitates were obtained in a similar 
manner at 0.20, 0.25, and 0.30 mole fractions of ethanol. After each filtra- 
tion the paper pulp pads containing the precipitates were immediately 
immersed in 0.015 m phosphate-citrate buffer solution containing 0.2 per 
cent sodium chloride and extracted two times as described for the am- 
monium sulfate fractionation. A low temperature must be maintained 
until the active fractions have been dissolved in the phosphate-citrate 
buffer. The alcoholic suspensions at 0.1, 0.15, and 0.20 mole fractions 
were often gummy and rapidly clogged the filter pads, necessitating one or 
more fresh filter pads to maintain rapid filtration. With properly pre- 


pared filters of optimum thickness, 4 liters of the alcoholic suspension 
could be filtered in an hour or less. 

The precipitates, dissolved in phosphate-citrate buffer, were analyzed 
for ammonia nitrogen, protein nitrogen, and hyaluronidase. 
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1. above, all the detailed conditions were not rigorously standardized for suc- 


t- cessive batches; therefore, the distribution of yields and enzyme purity 
h were not precisely reproduced in the several fractionations. However, 
:- they did show reasonable agreement and the averaged data from five dif- 


ferent fractionations are shown in Table II. Each batch was about 4 
d liters of enzyme solution in 0.015 m phosphate-citrate buffer containing 























TaBLe II 
e First Ethanol Fractionation of Hyaluronidase Solution* 
is — : 
: Concentration of ethanol | Total enzyme recovered ee Lg i 
le | . een | Ss we ee ee ; 
3 mole fraction | units per l. | per cent i) 
K | 0.10 | 13,000 | ‘ 800 £4 
: 0.15 70,000 20 2000 == 
ms 0.20 133,000 38 5000 Ce 
| 0.25 | 84,000 | 24 8200 t c 
| 0.30 | 8,000 | 2.5 1600 tr 
-_ ——EE —— ssh - - -_ om EE oe - a id 
| *Enzyme suspended in 0.015 m phosphate-citrate buffer at pH 5.0 containing “+ 
| 0.16 mg. of protein nitrogen per ml., 0.9 per cent NaCl, 350 units of enzyme per == 
ml., and about 2000 units of hyaluronidase per mg. of nitrogen. ee 
- 
Taste III =; 
Second Ethanol Fractionation of Hyaluronidase* €. 
——— - --——_-—_-— ee ee ye ~ 

| eee ie 
Concentration of ethanol | Total enzyme recovered wipe Bie nee , if 
| mote fraction «= | —=—smsits per | percent | ry ths 4 
0.10 71,000 | 7 | 6,600 = 
: 0.15 580 , 000 58 16,000 ws 
0.20 190,000 19 8,000 “th 
| 0.25 120,000 | 12 5,200 thr 
r 0.30 9,000 1 1,200 => 











*This enzyme was derived from the 0.25 mole fraction precipitate of the first ~~ 
ethanol treatment and was suspended in 0.015 m phosphate-citrate buffer at pH eal 
5.0, containing 0.16 mg. of protein N per ml., 0.2 per cent NaCl, 990 units of enzyme a 
per ml., and about 8200 units of enzyme per mg. of nitrogen. i 


; 0.9 per cent NaCl, at pH 5.0, and a protein nitrogen content of 0.16 mg. 


‘ per ml. Each liter contained about 350,000 units of hyaluronidase, 2000 4 
y | units of enzyme per mg. of nitrogen. Hi 
q The precipitates from the first alcohol fractionation were pooled ac- 
, | Cording to their purity index and refractionated with ethanol in the same a 

way. The best fractions, 8200 units per mg. of nitrogen, were diluted to { 
about 0.16 mg. of protein nitrogen per ml., 990 units of enzyme per ml., a 


and 0.2 per cent NaCl. Typical data, Table III, show that 58 per cent 
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of the enzyme precipitated at a purity index of 16,000 units of enzyme 
per mg. of nitrogen. The lower grade fractions at 8000 and 5200 units 
per mg. of nitrogen were pooled with comparable fractions from other 
runs and reworked with ammonium sulfate and ethanol. 

When the first ethanol precipitates at 6000 units per mg. of nitrogen 
were treated with ethanol a second time, the recoveries, Table IV, were 
not encouraging. ‘This solution was diluted to 0.13 mg. of protein nitro- 
gen per ml., 730 units of enzyme per ml., and 5600 units of enzyme per 
mg. of nitrogen, and fractionated with ethanol. Only 17 per cent of this 
sample showed an appreciable increase in purity, 5600 to 9100 units px 


is 
or 
1€ 


I 
mg. of N, while 64 per cent precipitated at 5000 units per mg. of N, tl 
same ratio as the starting material. Similar results with other batches 


indicate that the lower grade fractions could not be significantly improved 


TaBLE IV 
Second Ethanol Fractionation of Low Activity Hyaluronidase* 


| | 








Concentration of ethanol | Total enzyme recovered | ee a 
mole fraction unils per |. per cent 
0.10 34,000 45 2500 
0.15 476,000 64.0 5000 
0.20 122,000 16.5 9100 
0.25 4,700 0.5 1000 
0.30 1,100 0.1 500 


* Lower grade fractions from the 0.2 mole fraction precipitate of the first ethanol 
treatment, suspended in 0.015 m phosphate-citrate buffer at pH 5.0 containing 0.13 
mg. of protein nitrogen per ml., 0.2 per cent NaCl, 730 units of enzyme per ml., and 
about 5600 units per mg. of nitrogen. 


by more than two successive ethanol treatments. Therefore, a second 
ammonium sulfate treatment was applied to the lower grade fractions af- 
ter one or two ethanol treatments. The enzyme fractions that showed no 
improvement in the second ethanol treatment, Tables III and IV, were 
combined and suspended in the phosphate-citrate buffer and fractionated 
with ammonium sulfate. The results of this second salt fractionation 
following two ethanol treatments are shown in Table V. 20 per cent of 
the material was recovered at 18,000 units per mg. of nitrogen, a 3-fold 
increase in enzyme nitrogen ratio, and another 40 per cent increased only 
from 5600 to 5800 units per mg. of nitrogen. 

By application of these techniques, 10 to 15 per cent of the enzyme 
originally extracted by dilute acetic acid was obtained that had an aver- 
age purity index of 18,000 units per mg. of nitrogen. These fractions 
were dialyzed against ice water and lyophilized without significant loss 
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of activity. Small aliquots have been successfully purified to 65,000 
units of hyaluronidase per mg. of nitrogen. However, these stages in 
purification were more conveniently carried out with refrigerated cen- 
trifugation and more careful manipulation of the ionic strength. Experi- 
ments with the latter technique are under investigation and will be de- 
scribed in another communication. 


TABLE V 


Second Ammonium Sulfate Fractionation of Hyaluronidase* 














Concentration of (NHi)2SOu) Total enzyme recovered | Total enzyme recovered | pyre Been —— 
per cent units per |. per cent 
16.6 25,000 2.0 5,100 
19.0 40,000 3.5 6,300 
26 144,000 12.5 3,100 
28.5 448 , 200 39.0 5,800 
31.0 234 , 500 20.0 18,000 


33 61,700 5.0 7,800 





* These samples included selected fractions, 5000 to 6000 units per mg. of nitrogen, 
that had been through one ammonium sulfate and two successive ethanol fractiona- 
tions. They were resuspended in 0.015 m phosphate-citrate buffer at pH 5.0, con- 
taining 1100 units of enzyme per ml., 0.2 mg. of protein nitrogen per ml., and 5600 
units of enzyme per mg. of nitrogen. 





SUMMARY 


Optimum ‘conditions for the purification of hyaluronidase from bovine 
testis in a procedure of alternate ammonium sulfate and ethanol fractional 
precipitations have been ascertained. Low temperatures, low protein 
concentration, and low ionic strength in the ethanol treatments were 
found to be most advantageous in handling quantities of this material. 

The first extract, 0.1 N HAc, of fresh tissue gave 750,000 to 1,000,000 
units of enzyme, with an activity of 250 units per mg. of nitrogen. Four 
successive fractionations yielded about 10 per cent of the enzyme with an 
activity of almost 20,000 units per mg. of nitrogen, an 80-fold increase in 
purity. Increased yields were obtained by additional treatment of the 
lower grade fractions. 
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THE INTERMEDIARY METABOLISM OF PHENYLALANINE 
LABELED WITH RADIOACTIVE CARBON* 


By BERNARD SCHEPARTZ?# ano SAMUEL GURIN 
(From the Department of Physiological Chemistry, School of Medicine, University 
of Pennsylvania, Philadelphia) 


(Received for publication, March 24, 1949) 


The metabolic formation of ketone bodies from phenylalanine and ty- 
rosing has been a recognized phenomenon for many years (1). Since 
homogentisic acid is formed from tyrosine (2) and phenylalanine (3), and 
since it in turn forms ketone bodies (1), it has been considered to be a 
probable intermediary metabolite in the production of ketone bodies from 
phenylalanine and tyrosine. However, the pathway by which tyrosine is 
converted to homogentisic acid and the mechanisms whereby the aromatic 
ring is finally cleaved to form acetoacetic acid have remained obscure. 

With the advent of tracer techniques it has become possible to study 
these metabolic pathways more directly and to obtain more information 
about the intermediate steps involved. For this purpose pt-phenylalanine 
containing C* in definite positions in the benzene ring has been synthesized 
and investigated in biological systems. Data are also presented on the 
metabolism of pL-phenylalanine labeled with C' in the side chain. 


Experimental Procedures 


Synthesis of pu-Phenylalanine Labeled with C“ in Carboxyl and a Posi- 
tions—This preparation was described briefly in a previous communication 
from this Department (4). Radioactive barium carbonate (50 mm) was 
converted to acetylene and acetaldehyde, in general according to the pro- 
cedure of Cramer and Kistiakowsky (5). The doubly labeled acetaldehyde 
was oxidized to acetic acid with an excess of silver oxide and isolated as the 
sodium salt in an over-all yield of 40 per cent from the barium carbonate. 
The salt was converted to ethyl bromoacetate (86 per cent yield) by the 
method of Auwers and Bernhardi (6). Glycine was then prepared (7) and 
benzoylated without isolation to give a 56 per cent yield of hippuric acid 


* From the thesis presented by Bernard Schepartz to the Faculty of the Graduate 
School of the University of Pennsylvania in 1949 in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy. 

+ Harrison Fellow of the University of Pennsylvania, 1946. Junior Research 
Fellow of the National Institutes of Health, United States Public Health Service, 


1947-48. Present address, Department of Biochemistry, Jefferson Medical College, 
Philadelphia. 
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664 METABOLISM OF PHENYLALANINE 


from the bromo ester. The standard azlactone procedure (8, 9) afforded 
a 50 per cent yield of phenylalanine from the hippuric acid. 

Synthesis of pu-Phenylalanine Labeled with C4 in Positions 1, 3, and & of 
Benzene Ring—The course taken by the isotopic carbon atoms in this 
synthesis is indicated by asterisks in Scheme 1. Carboxyl-labeled sodiup 
acetate was prepared in 73 per cent yield from 50 mm of isotopic barium 
carbonate, as described by Sakami, Evans, and Gurin (10). Distillation 
of a mixture of the sodium acetate with excess phosphorus tribromide 
produced acetyl bromide in 72 per cent yield. Pyruvonitrile was then 
prepared in 60 per cent yield by the procedure of Tschelinzeff and Schmidt 
(11). According to the directions of Anker (12), the nitrile was hydrolyzed 
to the amide and then to pyruvie acid, in yields varying from 40 to 70 


x * wm oe *# 
BaCO; — CH;COONa — CH;COBr — CH;COCN > CH;COCONH 


CH; COOH 


J CH 
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CH; CH,Br CH,CNHCOCH; CH,CHNH,.COOH 
V4 #N, WA, #\, Jw WA ON 
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ScHeME 1. Synthesis of phenylalanine labeled in the ring 


per cent. The pyruvic acid underwent cyclization (13) in 50 per cent 
sodium hydroxide solution to methyldihydrotrimesic acid (55 per cent 
yield) which was converted to uvitic acid by heating with concentrated 
sulfuric acid (yield 91 per cent). After dilution of the product with 
non-isotopic uvitic acid, toluene' was obtained in yields of 70 to 100 per 
cent by fusion with soda lime (14). The toluene was treated with bro- 
mine in carbon tetrachloride to give benzyl bromide in a 71 per cent 
yield (15). Phenylalanine was then prepared by means of acetamino- 
malonic ester by procedures recently described (16, 17). The yield of 
ring-labeled phenylalanine from benzyl bromide was 40 per cent. 


1 While this paper was in preparation, a description of a similar procedure for 
converting pyruvic acid to toluene was published (Calvin, M., Heidelberger, C., 
Reid, J. C., Tolbert, B. M., and Yankwich, P. F., Isotopie carbon, New York, 228 
(1949)). 
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Procedures with Animals—In the two experiments reported on intact 
rats, glucosuria was produced by the daily, subcutaneous injection of 
phlorhizin in oil at a dosage of 120 to 200 mg. per kilo. The rats were 
fasted for 24 hours before the series of injections and throughout the rest 
of the experiment. When considerable glucose and ketone bodies were 
being excreted, the phenylalanine to be studied was injected intraperi- 
toneally in divided doses (total 100 mg.). 

For the collection of respiratory carbon dioxide, the rats were placed in 
a vessel which was aerated with a stream of carbon dioxide-free air, the 
effluent gases passed through a solution of sodium hydroxide, and barium 
carbonate formed at the end of the collection period by addition of barium 
chloride. Urine samples were preserved with toluene 





CH;COCH,COOH 
! 
| 
Method A Method B 
| | | | | 
CH;COCH; CO, CH;COOH HCOOH CO, 
(CH;—CO—CH,—) (—COOH) (CH;—CO—) (—CH:—) (—COOH) 
| 
| 
CHI; CH;COCH; CO, 
(CH,—, —CH,—) (2CH;—, —CO—) (—CO—) 


ScHEME 2. Degradation of acetoacetate 


Procedures with Liver Slices—Slices 0.5 mm. thick were cut with the 
Stadie slicer (18) from the livers of rats killed by stunning and decapita- 
tion. The suspension medium used was that described by Krebs (19), 
except that magnesium sulfate was replaced by magnesium chloride. 
In general, 20 ml. of medium were used for each 2.5 gm. (wet weight) of 
liver slices. The gas phase was oxygen, and the bath temperature 38°. 

Degradation of Acetoacetic Acid; Method A—Acetoacetic acid was de- 
composed into a carboxyl fraction and an acetone fraction (Scheme 2) 
by the method of Van Slyke (20) with some modifications. Rat urine or 
the supernatant medium decanted’ from the liver slices was clarified by 
treatment with a solution of copper sulfate and a suspension of calcium 
hydroxide. Following centrifugation, the supernatant solutions were 
acidified to pH 3 and aerated to remove dissolved carbon dioxide. (All 
aerations mentioned in this paper were performed with a stream of air 
freed of carbon dioxide by passage through a tower of soda lime.) After 
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addition of mercuric sulfate and sulfuric acid, the solutions were refluxed 
while being continuously aerated. The acetone fraction representing the 
last 3 carbon atoms of the acetoacetate was precipitated as the mercury 
complex, while the carboxyl fraction, liberated as carbon dioxide, was 
trapped in barium hydroxide. All acetone samples were purified by soly. 
tion of the mercury complex in dilute hydrochloric acid, steam distillation 
of the acetone, and reprecipitation with mercuric sulfate. 

In some cases sufficient acetone was available for further degradation 
by distillation into alkaline hypoiodite, resulting in iodoform derived from 
the two methyl groups (the original methyl and methylene groups of 
acetoacetate). 

No data are reported for 6-hydroxybutyric acid, because the dichromate 
oxidation used in degrading this substance by the Van Slyke method was 
found to oxidize radioactive impurities. 

Method B—For this degradation the procedure of Weinhouse and Milling. 
ton (21) was extended in order to obtain additional data from the acetate 
fraction (Scheme 2). The supernatant medium from experiments with 
liver slices was treated with copper sulfate and calcium hydroxide and freed 
of dissolved carbon dioxide as in Method A. The residual solution was 
then cooled in an ice bath, acidified with sulfuric acid, and treated with 
a slight excess of potassium permanganate (calculated from the amount 
of acetoacetate present). Under these conditions the acetoacetic acid 
was decomposed into carbon dioxide (from the carboxyl group), formic 
acid (from the methylene carbon atom), and acetic acid (from the car- 
bonyl and terminal methyl carbon atoms). In the experiments reported 
in this paper, substances were present which gave rise to false radioactivity 
in the first two fractions (carboxyl and formate), so that only the acetate 
fraction was utilized. 

After aeration to remove the carbon dioxide arising from the carboxyl 
group, the excess permanganate was destroyed with hydrogen peroxide 
and the volatile acids distilled from the mixture. The formic acid in the 
distillate was then oxidized to carbon dioxide by refluxing with a solution 
of mercuric sulfate, the carbon dioxide being removed by aeration as 
before. The remaining acetic acid was distilled, characterized by its 
Duclaux constants, and isolated as the barium salt. Usually the yield 
of acetic acid was quantitative. 

By pyrolysis in a sealed, evacuated tube, the barium acetate was con- 
verted into barium carbonate (representing the original carbonyl group 
of the acetoacetate) and acetone (differing from the acetone of Method 
A in that both methyls are derived from the terminal methy] group of the 
acetoacetate). Both fractions from the pyrolysis were purified before 
being assayed for radioactivity. 
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Measurement of Radioactivity—All organic compounds were oxidized 
with the wet combustion mixture of Van Slyke and Folch (22), modified 
by the inclusion of a small amount of selenium. Samples were assayed 
for radioactivity in the form of barium carbonate, spread in a uniform 
laver on a met | planchet. A thin mica window Geiger-Miiller counter 
(2.5 mg. per sq.cm.) was used. After subtracting background counts, the 
activities of the samples were corrected to the values at infinite thickness 
by means of a correction curve similar to the one described by Reid (23). 
The final values were expressed as counts per minute per mg. of carbon. 
Sufi_ient counts were taken on most samples to reduce the standard de- 
viation to 5 per cent or less. 


TABLE I 
Experiment 2. Incubation of Liver Slices with Phenylalanine Labeled in Side Chain 























ee Carbon atoms of acetoacetate Counts per min. 

——- represented per mg 

Phenylalanine used... 24.3 

Respiratory CO2.......... esas] 6.3 
Degradation of acetoacetate,| 
Method A | 

ere mere ans. | —COOH 10.6 

er —CH,—, —CO—, CH;— 0.0 

Results 


Experiments with Phenylalanine Labeled in Side Chain—In a preliminary 
experiment (Experiment 1) with pi-phenylalanine containing C™ in the 
carboxyl and a@ positions, 100 mg. of the amino acid were administered to 
a phlorhizinized rat, weighing 199 gm., over a period of several hours. 
Low radioactivity was found in the respiratory carbon dioxide of the first 
6 hours and in some of the fractions of the urinary ketone bodies. The 
data suggested that the bulk of the C“ was located in the carboxyl carbon 
of the acetoacetic acid, but the low concentration of isotope prevented any 
definite conclusions. 

Table I summarizes the data of Experiment 2, in which 5 mg. of the 
phenylalanine were incubated with 2.5 gm. (wet weight) of liver slices for 
4 hours. At the end of the incubation the acetoacetate was degraded 
by Method A, after addition of non-isotopic sodium acetoacetate as a 
carrier. In comparing the radioactivity of the respiratory carbon dioxide 
with that of the acetoacetate, it must be borne in mind that the former did 
hot suffer any dilution with added carrier (estimated to be a 5-fold dilution 
of the acetoacetate in this case). It is clear from the data that all of the 
radioactivity in the acetoacetate was localized in the carboxyl group. 
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668 METABOLISM OF PHENYLALANINE 


Experiments with Phenylalanine Labeled in Ring—In Experiment 3 
100 mg. of put-phenylalanine labeled with C" in the 1, 3, and 5 positions 
of the benzene ring were administered to a phlorhizinized rat, weighing 
260 gm., over a period of 2 hours. Respiratory carbon dioxide was eq). 
lected during the 6th hour. The acetoacetic acid in the urine collected 
for 24 hours was degraded by Method A. Table II summarizes the po 














TaBLeE II 
Experiment 8. Administration to Phlorhizinized Rat of Phenylalanine Labeled i, 
Ring 
| Carbon atoms of acetoacetate Counts per min. 
Substance represented ; per mg C ‘ 
Phenylalanine used............. 255 
Respiratory CO:, 6th hr......... 2.7 
Degradation of acetoacetate, 
Method A 
Set a ae, tl i ho —COOH 0.76 
bE a ee tee ee —CH.—, —CO—, CH;— | 3.5 
TaBLeE III 


Incubation of Liver Slices with Phenylalanine Labeled in Ring 





Counts per min 





| 
Sabotence | Carbon —————ee bet Rsathaes: 
| Experi- | Experi- 
| } ment 4 ment 5 
Respiratory COzg................. | | wo 
Degradation of acetoacetate, | | 
Method A | 
MU AMEN dice obs « EMRE Re SaKS | —COOH hes O20 1.0 
NN es ON og | —CH:—-,—CO—,CH,— | 10.1 | 74 
ee ge ee ae Pa | —CH,—, CH;— 7:3° 








* Very little material was available for this sample, and no quantitative sig: 
nificance can be attached to the result. 


sults. The bulk of the isotope was located in the last 3 carbon atoms of 
the acetoacetate. 

These findings were confirmed by experiments performed in vitro (Table 
III). In Experiment 4, 2.6 gm. (wet weight) of liver slices were incubated 
for 3 hours with 10 mg. of phenylalanine, while in Experiment 5 the same 
amount of phenylalanine was used with 5 gm. of liver for 4 hours. Sodium 
butyrate (0.02 m) was present in the medium in both cases in order to 
provide sufficient acetoacetate for the degradation; so that the extent 0 
dilution of the radioactive samples was not known. (These experimenis 
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were performed before the addition of acetoacetate carrier was decided 
upon as a routine procedure.) Unfortunately, the value obtained for 
the iodoform was of qualitative significance only. However, the results 
provided further proof that the major site of the radioactivity was in the 
acetone fraction, while the carboxyl group contained little or no isotope. 

For the purpose of establishing the location of the isotope more pre- 
cisely, Experiments 6 and 7 were carried out (Table IV). In both cases 
10 gm. of liver slices were incubated for 4 hours with 20 mg. of ring-labeled 
phenylalanine. Non-isotopic acetoacetate was added as carrier before 
the degradations, resulting in 10- and 9-fold dilutions, respectively. Degra- 


TABLE IV 
Degradation of Acetoacetate Derived from Ring-Labeled Phenylalanine 


| 





Counts per min. 














l 
' 
Substance analyzed | Carbon —ae asa 
Experi- | Experi- 
| ment6 | ment? 
ee OT es | 17.3 | 24.3 
Degradation of acetoacetate, Method | 
A i 
COs..... a:b it ck ln by ali can 0.7 0.7 
Acetone...... Se ye a CH;—,—CO—,—CH:—; 7.4 10.0 
MENG: le. U2, GY an aye SRM CH,;—, —CH,— 10.6 9.4* 
Degradation of acetoacetate by 
Method B 
MENG 8 50255 6c leek occa eeeeet CH;—, —CO— 10.3 13.6 
CO, from pyrolysis................. ‘“—CO— 0.3 0.5 
Acetone from pyrolysis............. CH;—, CH;-, —CO— | 12.7 21.2 











*See foot-note to Table III. 





dations were carried out by Methods A and B in parallel. The activity 
of the iodoform fraction of Method A in Experiment 6 accounted for 95 
per cent of the isotope in the acetone fraction, indicating that the bulk of 
the C was in the methylene or methyl] carbon atom (or both) of the aceto- 
acetate. This result was confirmed by the low activity found in the car- 
bon dioxide from the pyrolysis step of Method B in both experiments, repre- 
senting the original carbonyl carbon atom of the acetoacetate. ‘lhe 
acetate fractions of Method B in both cases accounted for almost all of the 
radioactivity observed in the acetone fractions of Method A (93 and 90 
*If the iodoform had contained all of the isotope of the acetone, the specific 

activity per mg. of C of the former would have been 3/2 that of the latter. 
—CH:— + CH;— | CH,— + —CO— + —CH,— 

2 3 





= 3/2 if —CO— = 0 
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670 METABOLISM OF PHENYLALANINE 

per cent, respectively*®). Therefore the methylene carbon atom of agetp, 
acetate contained little or no activity. Since the carbony] carbon atoy 
of the acetoacetate had already been eliminated as a possibility, the bulk 
of the isotope could be assigned to the methyl carbon atom. Confirms. 
tion of this conclusion was afforded by a comparison of the radioactivitig; 
of the acetone fractions produced in Methods A and B in both expe. 
ments. The acetone of Method B differed from that of Method A jp 
containing 2 of the original methyl carbon atoms instead of 1; hence the 
former acetone (Method B) would be expected to have twice the activity 
of the latter (Method A) if the chief site of the isotope were the methyl 
carbon atom.‘ This was indeed the case; therefore, the location of the 
heaviest C™ concentration was established as the methyl carbon atom of 
acetoacetate. . 

It may be of interest to record at this point that, despite the satisfactory 
incorporation of isotope from phenylalanine into acetoacetate in liver 
slices, no appreciable quantities of ‘‘extra’’ ketone bodies were formed under 
the conditions of these experiments in flasks containing phenylalanine 
compared with control flasks containing no substrate. 
of the isotopic tracer technique are thus manifest. 


The advantages 


DISCUSSION 


In Scheme 3 there is presented a metabolic scheme for the incorporation 
into acetoacetic acid of the isotopic carbon atoms from the two types of 
labeled phenylalanine. The only pathway indicated for the conversion 
of phenylalanine to acetoacetic acid involves the preliminary formation 
of tyrosine, since other metabolites of phenylalanine, such as phenyl. 
pyruvic and phenyllactic acids, form no ketone bodies in the liver (24, 
25) under conditions in which both phenylalanine and tyrosine are keto- 
genic (1, 25, 26). 

From the results of the experiments with phenylalanine labeled in the 
side chain, it appears that the a-carbon atom of phenylalanine forms the 
carboxyl group of acetoacetate. This is in complete accord with the report 


3 If the acetate had contained all of the isotope of the acetone, the specific activily 
per mg. of C of the former would have been 3/2 that of the latter 


CH;— + —CO— a, sla 


CH.— 
2 ; 3 i 





, CHi— + i ae mA = 3/2 if —CH,— = 0 


‘This may be shown as follows: 


2CH,— + —CO— . CH;— +—CO—+—CH:—_, 
3 , a Caer Tine. 


approximately, if —CH;— and —CO— are relatively small 
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of Weinhouse and Millington (21) that the 8-carbon atom of tyrosine is 
the precursor of the methylene carbon atom of acetoacetate. It is note- 
worthy that the isotope in our experiments is not distributed between the 
carbonyl and carboxyl groups of acetoacetate and that Weinhouse and 
Millington observed no randomization between the methyl and methylene 
groups. Since carboxyl-labeled octanoic (27, 28) and butyric acids (29) 
in liver slices form acetoacetate in which the isotope is considerably ran- 
domized, and since acetoacetic acid, once formed, does not cleave and ran- 
domly recondense in liver slices (28), it is apparent that the acetoacetate 
formed from the phenylalanine and tyrosine arises from a 4-carbon pre- 
cursor, and not from the random condensation of 2-carbon fragments. 
This precursor is derived from 2 carbon atoms of the side chain and 2 of 
the adjacent carbon atoms of the ring and is transformed to acetoacetic 
acid without further scission of carbon-carbon bonds. 


CHoCHNH2COOH y 
ve 
(a Ridihenininaly U a. o- CHyCOcHoCoon 


ScuemE 3. Origin of ea atoms of acetoacetate. The asterisks and small 


circles, respectively, indicate the labeling of phenylalanine with C' in separate 
experiments. 


In the experiments with ring-labeled phenylalanine the presence of ap- 
preciable isotope in the respiratory carbon dioxide of both the intact rat 
and the liver slices is obvious proof of the cleavage of the aromatic ring, 
a point also confirmed by the radioactivity of acetoacetic acid, an acyclic 


_ metabolic product. Furthermore, there was again no redistribution of 





isotope between the methyl and methylene carbon atoms of the aceto- 
acetate obtained after incubation with liver slices. 

Since the C* in this type of phenylalanine is located in positions 1, 3, 
and § of the ring, the formation of acetoacetate labeled in the terminal 
methyl group is evidence for a migration of the side chain from its original 
position on the ring (Scheme 3). The formation of ketone bodies from the 
ting-labeled phenylalanine without rearrangement of the side chain on 
the ring would result in carbonyl-labeled acetoacetate. Such a migra- 
tion was postulated by Meyer (30) and Friedmann (31) to explain the 
positions of the hydroxyl groups of homogentisic acid as contrasted with 
the p-hydroxyl group of tyrosine. In our experiments the terminal (y) 
tarbon atom of the acetoacetate originates in carbon atom 1 or (more 
probably) in carbon atom 3 of the phenylalanine ring, while carbon atom 2 
of the ring, “labeled” with non-radioactive carbon, is the precursor of the 
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carbonyl carbon atom of the acetoacetate. This evidence provides strong 
support for the belief that homogentisic acid is derived from tyrosine 
p-hydroxyphenyl pyruvate by means of a migration of the side chai 
The resulting acetic acid side chain of homogentisic acid is seen (Schen, 
3) to be attached to a non-radioactive carbon atom. Cleavage of the 


resulting homogentisic acid (or quinone acetic?) would be expected ty | 


yield acetoacetate containing isotope in the terminal methyl position, 
All of our data are in complete accord with this mechanism. 
It can be calculated from those experiments in which known amounts 


of carrier were used that the single, radioactive carbon atom of the phenyl. | 


alanine (originating in the ring or side chain, respectively) responsible fo: 
the bulk of the radioactivity in the acetoacetate underwent an approx. 
imately 3-fold dilution in the course of metabolism. Conversely, approx. 
imately one-fourth of the acetoacetate produced by the slices must haye 
come from the phenylalanine. Only a few per cent of the phenylalanine 
introduced into each flask, however, can be accounted for in the aceto. 
acetate. 

The fate of the remaining carbon atoms in the aromatic ring still re 
mains to be clarified. Efforts in this direction are under way at the 
present time. 


We wish to thank the American Cancer Society for financial support 
and to express our appreciation to Dr. A. M. Delluva and Dr. W. W. 
Kielley for valuable suggestions and help. We also desire to expres 
our thanks to Dr. Sidney Weinhouse for giving us a detailed description 
of his method of oxidizing acetoacetate with permanganate. 


SUMMARY 


Two types of radioactive pi-phenylalanine were synthesized. One 
was labeled with C™ in the carboxyl and a positions of the side chain, 
while the other preparation contained C™ in positions 1, 3, and 5 of the 
aromatic ring. 

The conversion of both types of phenylalanine to acetoacetate in 
phlorhizinized animals as well as in liver slices was investigated. The 
a-carbon atom of phenylalanine was shown to be the precursor of the 
carboxyl carbon atom of acetoacetate. 

Direct evidence was obtained for the shift of the side chain of pheny!- 
alanine prior to the formation of acetoacetate. The terminal carbon atom 
of acetoacetate was shown to come from carbon atom 1 or 3 of the ring o 
phenylalanine. The carbonyl carbon atom of acetoacetate is derived from 
carbon atom 2 of the ring. 

It was demonstrated in several ways that the aromatic ring of phenyl- 
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alanine undergoes metabolic cleavage and can be oxidized to carbon 
dioxide. 

The absence of significant randomization of isotope in the acetoacetate 
produced from phenylalanine indicates that a 4-carbon precursor of aceto- 
acetate is involved. This precursor derives half of its carbon atoms from 
the side chain and the other half from the aromatic ring. 
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CARBAMATES IN THE CHEMOTHERAPY OF LEUCEMIA 


VII. THE RATE OF CATABOLISM OF URETHANE IN NORMAL AND 
NEOPLASTIC MICE* 


By JACK H. MITCHELL, Jr., OLIVIA 8S. HUTCHISON, HOWARD E. 
SKIPPER, anp CARL E. BRYAN 


(From the Southern Research Institute, Birmingham, Alabama) 


(Received for publication, March 23, 1949) 


In a recent paper (1) concerned with the retention of the carbonyl car- 
bon from urethane by neoplastic animals it was observed that two mice 
with advanced spontaneous lymphoid leucemia, one mouse with advanced 
spontaneous Mammary carcinoma, and one with advanced methylcho- 
lanthrene-induced mammary carcinoma expired considerably less of the 
labeled carbon than did normal mice over a 24 hour period. These neo- 
plastic mice were all found to have a correspondingly higher tissue reten- 
tion of the carbon atom in question. We have undertaken in this present 
paper to determine whether this higher retention is in the form of urethane 
or of a metabolite of this compound. 


EXPERIMENTAL 


Chemical Determination of Urethane—Urethane was determined by a 
procedure suggested by Boyland! which entailed hydrolysis with sodium 
hydroxide and subsequent estimation of the resulting alcohol by the method 
of Winnick (2). 1 ml. of 0.04 N potassium dichromate in 10 N sulfuric 
acid was pipetted into the inner ring of a Conway unit, and the solution 
to be assayed, usually 0.5 to 1.0 ml., along with 1.0 ml. of 40 per cent sodium 
hydroxide, was placed in the outer compartment. The unit was sealed 
immediately with the greased cover glass and rotated to mix the solutions 
in the outer ring. It was then placed in an oven maintained at 40° for 
4hours. This incubation period was adequate for hydrolysis and sub- 
sequent diffusion of the resulting alcohol. An excess of potassium iodide, 
0.5 ml. of 1 m solution, was added to the inner ring of the diffusion unit 
and the liberated iodine was titrated with 0.02 n sodium thiosulfate solu- 
tion. Blanks were run with each set of experiments and all analyses were 
made in duplicate or triplicate. 


* This work was supported by the American Cancer Society, upon recommendation 
of the Committee on Growth of the National Research Council, the Research Fund 
of the Southern Research Institute, and Mr. Ben May, Mobile, Alabama. 


‘Boyland, E., The Chester Beatty Research Institute, London, private communi- 
cation. 
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In order to test the accuracy of the method, a number of determinations 
were made with standard urethane solutions alone and in combination with 
blood. 

Injection Procedure—The animals for radioactivity experiments were 
injected with 1400 mg. per kilo of carbonyl-labeled urethane containing 
an activity of 2 we. Animals which were to be used in chemical studies 
were injected with 1400 mg. per kilo of non-radioactive urethane per animal. 
In these latter experiments blood samples from five to eight animals were 
collected at intervals over a 24 hour period for determination of the rate 
of disappearance of free urethane from the pooled blood. 

Animals Used—Normal CFW strain white mice have been used as cop. 
trols for the Akm strain mice with spontaneous lymphoid leucemia and 


TABLE I 


Results of Assays on Standard Urethane Solutions 


Urethane present Urethane found Error 

mg. meg. | per ceni 
0.05 0.095 +90 
0.05 0.074 +49 
0.10 0.09 —10 
0.10 0.12 +20 
0.30 | 0.19 — 36 
0.30 0.21 —30 
0.40 0.31 —22 
0.40 0.34 —15 
0.50 0.43 —14 
0.50 0.47 —6 
0.50 | 0.46 —§ 
1.00 } 0.96 —2 
1.00 | 0.96 —4 


CFW strain mice with spontaneous mammary carcinoma and methyl | 


cholanthrene-induced mammary carcinoma. 
Radioactivity Assays—Assays for radioactivity were conducted as pre- 
viously described (3). 


Results 


Chemical Determinations—Tables I and II show the results which were 
obtained when determinations were made with standard urethane solv- 
tions alone and in combination with blood. The accuracy of the method 
increases with increasing amounts of urethane up to a concentration 0! 
about 0.5 mg. The reproducibility of the results when 0.50 mg. of ure- 
thane is present is shown in Table ITI. 
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TaBLeE II 
Results of Assays on Standard Urethane Solutions Plus 0.5 Ml. of Mouse Blood 
Urethane present Urethane found Error 
—<— =a me. | percent 
0.10 | 0.165 +64 
0.10 | 0.152 +51 
0.50 0.44 —12 
0.50 0.49 —2 
0.50 


0.49 —2 
TABLE III 


Reproducibility of Urethane Determination 
0.50 mg. of urethane present. 





Urethane found | Error 

mg. mg. 
0.62 +0.12 
0.44 —0.06 
0.46 —0.04 
0.40 —0.10 
0.53 +0.03 


0.57 +0.07 


9.0354 ; 
Average 0.50 + 4/2 = +0.08 mg. 





TABLE IV 


Urethane in Blood and Tissues of Mice at Various Intervals after Injection with 1400 
Mg. of Urethane per Kilo 
‘i 











Mg. urethane per 0.5 ml. blood | Mg. urethane per 0.5 gm. tissue 
Time after | eae wince <F - i poe SORES 
t | ‘ a Mammary carcinoma 
ae | Leucemic | Normal | Mammary | Leucemic Normal sto 
| Tumor | Fetus 
hrs. 4 ia sition: | 2 a sia g — . 
2} 0.78* 0.64* 
6 0.70* 0.66* 0.57* 0.53* 
8 0.44* 0.52* 0.457 0.357 | 0.42t 
24 0.05* 0.05* 0.18t 0.03* 0.02* 
24 0.08 | 0.21t 
24 0.02t | 0.37+ 
24 0.07¢ | 0.17t 





| ! | { 
* Five to eight mice were used; average value. 
t Two mice were used; average value. 


t One mouse was used. 
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Disappearance of Urethane from Blood Stream Following Injection~ 
Following the injection of 1400 mg. per kilo of urethane per animal jnty 
groups of five to eight normal mice, the blood of each group was pooled g 
intervals over 24 hour periods. In Table IV are given the results of ur. 
thane determinations in 0.5 ml. of blood by the microdiffusion method 

Table IV also compares the urethané values found at several time jp. 
tervals in blood and several tissues of normal mice with that found jp 
mice with advanced spontaneous lymphoid leucemia and with advanced 
spontaneous mammary carcinoma. In the latter, four separate trials 
for the 24 hour period were made with groups of two animals each, the 
blood from the two being pooled in each instance for the analysis. 

Radioactive Determinations—Table V gives the data which offer a com. 
parison between the retention of radioactive carbon from carbony]-labeled 


TABLE V 





Retention of Radioactivity from Carbonyl-Labeled Urethane by Mouse with Methyl: | 


cholanthrene-Induced Mammary Tumors 








Mouse with 
mammary Norma! mice* 
} tumors 


Tissue 





| ue. per mole C uc. per mole C 
ESO a A is Ae ere +s 4.18 0.25, 0.16, 0.10 
‘¢  (vacuum-dried 24 hrs. over H2SQ,).......! 0.13 
EP eee eee ee ere | 4.03 
ae ‘«  (vacuum-treated)... 0.88 


. Control mammary tissue......... a) a 





; orm owds = 





* See Bryan et al. (1), p. 944. 


urethane in the blood and tissues of a mouse with methylcholanthrene- 
induced tumors and the retention in normal mice. 


DISCUSSION 
From a consideration of the data given in Table V and in a previous 
paper (1), it is apparent that the tissues of the neoplastic mice were higher 
in radioactivity than were normal control mouse tissues at 24 hours after 


injection of radioactive urethane. In the case of whole blood, 97 per cent 
of this activity was volatile in vacuo, as shown in Table V. We have shown 


that free urethane may be removed from tissue by vacuum treatment. | 


The chemical analyses for urethane, Table IV, show that blood of animals 
with advanced spontaneous mammary carcinoma averaged 21 per cent 
higher in urethane than did normal mice at the end of 24 hours. The 
urethane in these four groups of carcinomatous animals ranged from 0.17 
to 0.37 mg. per 0.5 ml. of blood 24 hours after injection. 
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It is significant to compare the amount of urethane found by chemical 
analysis and that determined by radioactive measurements. Only 44.2 





ws per cent of the total radioactivity from carbonyl-labeled urethane injected 

| jnto the mouse with methylcholanthrene-induced mammary tumors was 
~ | recovered in the expired carbon dioxide in the 24 hour collection period 
” | (1). It has been observed that greater than 90) per cent of the varbony! 
i. carbon from urethane is exhaled as CO: within a similar period in the 


ed | ease of normal mice. About 11 per cent of the total activity was found in 
the 24 hour urine sample of the carcinomatous mice which is of the same 
the order as that observed in normal mice. About 45 per cent of the total 
activity was, therefore, distributed throughout the body of the animal 
| with methylcholanthrene-induced tumors. This may be compared with 
led | the retention of radioactive carbon at the end of a 24 hour period by normal 
mice which we have found to be of the order of 0.6 to 2 per cent of the total 
amount injected. 
wt Based upon 23 gm. as the weight of the carcinomatous mouse used, it 
is calculated that about 1.47 gm., 6.4 per cent, represent the weight of blood. 
The total amount of the radioactive carbon remaining in the mouse at 24 
hours corresponds to 15.4 mg. of urethane, or 44 per cent of the 35 mg. 
= of urethane injected. Therefore, assuming equal distribution, the blood 
0 contained approximately 0.98 mg. of urethane or about 0.33 mg. per 0.5 

ml. of blood. It is obvious from Table IV that this amount is included in 

the range of values found by chemical determination and that most of the 

excess radioactivity over that of normal animals can thus be accounted for 

a8 urethane. It is, therefore, assumed that the differences in retention of 

radioactive carbon by normal mice and those with advanced spontaneous 

mammary carcinomas (1) are due principally to a failure of these neoplastic 

ne- mice to catabolize the urethane molecule at the normal rate and are not 

due to retention of some metabolite containing the carbony] carbon of the 
urethane molecule. 

From a consideration of the amount of radioactivity exhaled as carbon 
ous dioxide in a 24 hour period, together with that excreted in urine, it is 
her possible to calculate that the amount remaining in the animals with spon- 
iter taneous lymphoid leucemia (1) at the end of 24 hours corresponds to 0.06 
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ent mg. of urethane in one case and 0.10 mg. in another. These values are 
wn in the range in which the chemical determination cannot be considered 
nt. | Very accurate; however, 0.05 mg. of free urethane was found by this 
vals method in animals with spontaneous lymphoid leucemia. 

ent 

The SUMMARY 

).17 1, Chemical analyses of blood from normal mice have shown that 


the urethane is practically all eliminated from the blood of normal mice in 
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24 hours after injection of 1400 mg. per kilo, but the blood of mice wit} 


] 
advanced spontaneous mammary carcinoma contains about 21 per cent 
more urethane than blood of the normal animals. 


2. The amount of urethane calculated from radioactive assays to bp 
present in the blood of a mouse with advanced methylcholanthrene-induced 
mammary carcinomas at 24 hours corresponds closely with that deter. 
mined chemically in the blood of a group of mice with advanced spontaneoys 
mammary carcinoma. It is concluded, therefore, that the excess radio. 
activity present in the neoplastic animals is due principally to free ure. 
thane and results from a lower rate of catabolism of the urethane in thes 
animals. 
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THE GASOMETRIC DETERMINATION OF a-AMINO ACIDS 
BY THE pert-NAPHTHINDAN-2,3,4-TRIONE HYDRATE-CAR- 


e | BON DIOXIDE METHOD IN PURE SOLUTIONS, WITH RE- 
d MARKS UPON ITS USE IN: BLOOD AND URINE 


. By RADWAN MOUBASHER anpb ALY SINA 
(From the Faculty of Science, Fouad Ist University, Cairo, Eqypt) 
(Received for publication, December 28, 1948) 
Oxidation of a-amino acids by ninhydrin (I) leads to the formation of 
carbon dioxide and diketohydrindylidenediketohydrindamine (II) to- 


gether with an aldehyde, as noted by Ruhemann (1) and by Grassmann 
and von Arnim (2). 


2| C + R—CH-—-COOH — 
a» 


NH, 
O 
(1) 
0 0 
| 
C C 
JON iar 
| CH—N=C | | 4 R—CHO + CO. + 3H.O 
| . | 
Se NG s ‘cad 
C C 
| 
O O 
(11) 


Van Slyke and Dillon (3) and Mason (4) found that the carboxyl grour 
_ is thereby split off quantitatively. On the basis of this finding they de- 
veloped a manometric method for the quantitative determination of 
the carboxyl group in amino acids. 

Moubasher (5) has used peri-naphthindan-2 ,3,4-trione hydrate (III) 
as a new reagent for the quantitative determination of a-amino acids 
through the formed aldehydes, as this reagent is able to decompose quan- 
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titatively the a-amino acids in acidified boiling water to the next lower 
aldehyde with 1 carbon atom less, together with ammonia, carbon dioxide. 
and dihydroxyketo-peri-naphthindene (IV). 


O 
Ht OH 

—C. sf 
- + R—CH—COOH — 

a | 
_ i} OH NH. 

O 

(IIT) 


! 
ome, 
¢ zC—OH + R--CHO + NH; + C0, 


»— CX 
—“ Non 


(IV) 


. ° | 
In the present work we have found that a-amino acids, when treated 


with an excess of peri-naphthindan-2,3,4-trione hydrate, evolve quan- 
titatively the carbon dioxide of their carboxy] groups. 


R 
R—CH—COOH C—COOH R—CH—COOH 
NH: R NH, NH—CH.—R’ 
(V) (VI) (VID) 


Specificitty—(V) and (VI) are molecular structures which provide car- 


boxyl groups yielding carbon dioxide quantitatively by reaction with | 


peri-naphthindan-2 ,3 ,4-trione hydrate. Structure (V) represents amino 
acids with primary —NH: groups. Structure (VI) represents amino 


acids in which the hydrogen atom attached to the a-carbon atom is sub- | 


stituted. Thus, aminoisobutyric acid reacts with peri-naphthindan- 
2,3,4-trione hydrate (III), giving acetone, carbon dioxide, and ammonia 
(ef. Schénberg, Moubasher, and Mostafa (6)). Structure (VII) repre: 
sents amino acids with secondary —NH groups, e.g. sarcosine, which de- 


composes with evolution of carbon dioxide. On the other hand amino | 


8) 
| OH 
—C. f H.N—CH—COOH 
C + — 
—c’” \ CH:—COOH 
| OH 
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ihe tang 


‘o=N—CH—C Von sa 


i CH.—COOH 


OH 


| 


cy, -2C0: | 


‘C—-N=C—COOH —— 


—C’ | 
| CH:—COOH 
0 
OH 
| 
—C 
\ 2H; 
\o—neaco—cH, 12°, 
er, 
| 
O 
OH 
| 
i 
atta 
z ‘C—OH + NH; + CHs—CHO 
< oer 


a 


Ht 
O 


acids in which the carboxyl groups are either esterified or in the form 
of their amides do not react. This behavior is in good agreement with 
that found with ninhydrin and its analogues (cf. Van Slyke et al. (7)). 
If the amino group is moved from the @ to the 8 or y position, the reactiv- 
ity of the carbonyl group diminishes but may not disappear (cf. Moubasher 
and Awad (8)). 

We have also found that aspartic acid, when treated with peri-naph- 
thindan-2 ,3 ,4-trione hydrate, evolves quantitatively the carbon dioxide 
of both its carboxyls, with the final formation of acetaldehyde (cf. Mou- 
basher (5)). For this reaction the accompanying scheme is advanced 
(ff. (1)). 

In contrast to the action of ninhydrin on glutamic acid, which causes 
the evolution of carbon dioxide from one carboxyl group (ef. Van Slyke 
et al. (7)), peri-naphthindan-2,3 ,4-trione hydrate causes the evolution 
of carbon dioxide from both carboxyls. 

Remarks on Use of peri-Naphthindan-2 ,3,4-trione Hydrate in Gaso- 
metric Determination of a-Amino Acids in Blood and Urine—When heated 
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with boiling water at pH 4.7, urea by itself slowly gives off carbon dioxide 
(0.01 mole in 5 minutes), but excess of peri-naphthindan-2 ,3 ,4-trione 
hydrate retards this decomposition (cf. Errera and Sorgés (9)) owing ty 
the formation of 


0 O 
-- | NH 
< at a 7 
ae C=N-—CO—NH., po C CO, or 
< Pe , ee OK 
sca T ~ NH 
O O 
fa ™® 
anaes? N 
\ 
3 Cl 
hae ‘OH 
Sagal rg 


These ureides are similar in stability and formation to their analogues of 
ninhydrin. The application of this reaction in blood and urine has been 
previously mentioned with use of ninhydrin (cf. Van Slyke e¢ al. (10, 11)). 
Accordingly, for blood analysis, there is no need to take any special pre- 
caution on this account. When working with samples of urine, the urea- 
amino acid ratio will be so high that it is preferable to remove the urea 
by means of a specially prepared amino acid-free urease. Keto acids, 
e.g. pyruvic and acetoacetic acids, evolve carbon dioxide under the condi- 


tions of the determination of carbon dioxide from amino acid carboxyl | 


groups. Also, ascorbic acid evolves about 0.1 mole of carbon dioxide in 





the time required for complete reaction with peri-naphthindan-2,3,4- | 


trione hydrate (cf. Moubasher (12)). The concentration of ascorbic 
acid in body fluids and excretions is too slight, however, to affect signifi- 
cantly the amino acid determinations. In spite of the fact that simple 
organic acids such as acetic and hydroxy acids do not yield carbon dioxide 
under the experimental conditions described, this method cannot be 
applied to blood and urine filtrates, because traces of these volatile acids 
distil with the carbon dioxide and cause positive errors, and, if picric acid 
filtrates are used, some of the picric acid also distils over and causes error. 


EXPERIMENTAL 
This method is essentially based on that used by Van Slyke et al. (7) 
in the determination of a-amino acids through the evolved carbon dioxide 


by the action of ninhydrin. 


) 
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Reagents— 

1. Choice of pH for conducting the reaction. It is necessary to control 
the pH at which the reaction with pert-naphthindan-2 ,3 ,4-trione hydrate 
is carried out. It has been found that buffers of pH 2.5 and 4.7 are the 
most suitable and yield excellent results (cf. (5)). In the present work we 
have used a buffer of pH 4.7, which is prepared by grinding and intimately 
mixing 17.65 gm. of sodium citrate (Na;CsH;0;-2H.O) and 8.4 gm. of 
citric acid (CeHs0;-H-O) (ef. (13)). 

2. peri-Naphthindan-2 ,3 ,4-trione hydrate freshly crystallized and 
pulverized. 

3. Approximately 0.125 n Ba(OQH)s solution prepared by mixing 5 
volumes of 0.15 N Ba(OH),s with 1 volume of 12 per cent BaCl: solution. 

4. A standard solution of n/35 HCl. 

5. 1 per cent solution of phenolphthalein in 96 per cent alcohol to be 
used as an indicator. 

§. 10 per cent solution of sodium hydroxide in water for use in the 
reservoir of carbon dioxide-free air. 

7. Two 5 ec. micro burettes, one for the Ba(OH). solution and the 
other for the standard HC! solution. 

Apparatus—The reaction is carried out in a relatively simple apparatus 
similar to that used by Van Slyke (cf. (7)) with some modifications. It 
consists of two Erlenmeyer flasks (A and B) made of Pyrex glass, each 
having a capacity of 20 cc., which are attached to the limbs by means of 
ground joints. The limbs, which are made also of Pyrex glass, are bent 
as shown in Fig. 1. At the top is attached a tap (C). 

A reservoir of carbon dioxide-free air. 

Calibrated micro tubes to hold 40 mg. of buffer and 15 and 30 mg. of 
peri-naphthindan-2 ,3 ,4-trione hydrate. 


Procedure 


In flask B are placed 2 ce. of the amino acid solution and then a eali- 
brated micro tube containing 40 mg. of buffer of pH 4.7. Through flask 
A is now passed a stream of carbon dioxide-free air (about 500 ce.) and 
then, by means of a micro burette fitted with a soda lime tube, 1 ee. of 
Ba(OH). solution is added. In the amino acid flask B is now dropped 
the calibrated micro tube containing the proper amount of peri-naphthin- 
dan-2 8 ,4-trione hydrate. Both flasks are quickly attached to the limbs 
of the apparatus and evacuated through tap C with a high vacuum pump. 
Tap C is closed and the apparatus is dipped in a boiling water bath up to 
about three-fourths its height, where it is left for the proper time with 
occasional shaking. After a specified period, the limb attached to the 
barium hydroxide flask is taken out of the boiling bath, flask A is im- 
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mersed in ice-cold water, and the distillation of the contents of flask R 
is continued until the majority of the liquid has passed over. This takes 
2 to 3 minutes. The apparatus is now cooled and then CO>-free air jg 
allowed to enter through tap C. Flask A is detached, 1 drop of phenol. 
phthalein is added, and it is immediately titrated against n/35 HCl. 

A blank experiment is performed in which an equal volume of distilled 
water is used instead of the amino acid solution and with all the reagents 






fe —--- "9 --- => 


A B 


Fic. 1. Apparatus for gasometric determination of amino acids 


used except the peri-naphthindan-2 ,3 ,4-trione hydrate, as the latter 
does not evolve carbon dioxide under the experimental conditions de 
scribed. 

The following amino acids are estimated: glycine, alanine, valine, let- 
cine, phenylglycine, aspartic acid, and glutamic acid. From Table | 
it is evident that for 100 mg. of the amino acid used the error is abot! 
+4 per cent. 
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We did not find it necessary to use any caprylic alcohol or alundum 
to prevent foaming or bumping, as used in the Van Slyke procedure. It 
seems that the precipitated dihydroxynaphthindene together with the micro 
tubes helps to avoid this difficulty, and, even if bumping occurs in rare 
cases, the bent limb of the apparatus prevents the liquid from passing over 
to the baryta flask. Ground joint flasks offer greater security against loss 
of carbon dioxide and avoid the difficulties arising from the use of rubber 
in the Van Slyke apparatus. 

Action of peri-Naphthindan-2 ,3 ,4-trione Hydrate on Sarcosine—By the 
same procedure, the decomposition of sarcosine with peri-naphthindan- 
2,3,4-trione hydrate was tried and the evolution of carbon dioxide was 
verified, but the reaction was not found to be quantitative. 

The use of peri-naphthindan-2 ,3 ,4-trione hydrate has the advantage 
of being cheaper than ninhydrin and can be recovered from the above 


TaBe I 
Results of Amino Acid Determination 

















i 
Amino acid | Amount ie | Buffer | n/35 HCl | Recovery 
—— ses j mg. | min. | mg. \; | cc. per cent 
Tere pect ie hte A oy ee fa | 1.0 102 
err. ana 1.5 95.5 
MIR hrs os Sct ortega taidlend 2 15 40 1.2 100 
MI hohe slaw, Dots aan | 1 | 20 | 0.52 101 
NN EEE rT | 1 | 8 ; 2 | 1.02 106 
ee ex Ria eae ps | |} 40 | 2.02 96 
Se le og gees eee 1 | s | @ | Se 107 





experiment by treating the contents of the amino acid flask with bromine 
water (cf. (5)). 


SUMMARY 


1. peri-Naphthindan-2 ,3 ,4-trione hydrate decomposes a-amino acids 
with the quantitative evolution of carbon dioxide. The loss of the reagent 
is small, as it can be regenerated after the experiment. 

2. Both aspartic and glutamic acids react with peri-naphthindan- 
2,3,4-trione hydrate with the quantitative evolution of 2 moles of carbon 
dioxide. 


3. This method cannot be applied to blood and urine filtrates. 
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RELATION OF DIETARY FOLIC ACID AND VITAMIN By TO 
ENZYME ACTIVITY IN THE CHICK* 


By J. N. WILLIAMS, Jr., C. A. NICHOL, anp C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison) 


(Received for publication, May 16, 1949) 


The relationship of folic acid (PGA) to certain enzyme systems has 
recently been the subject of investigation by workers in several labora- 
tories. In 1948 Kalckar and Klenow (1-3) demonstrated the inhibitory 
effect of folic acid upon milk xanthopterin oxidase in vitro. Subsequently 
Keith et al. (4), studying the effect of dietary PGA upon enzymes, ob- 
served that activity of xanthine oxidase in chick liver was strongly 
depressed as the concentration of folic acid was increased in the ration. 
Quite recently Kelley (5) observed that rat liver p-amino acid oxidase 
activity was decreased to some extent by feeding PGA. 

Although the relationship of folic acid and vitamin By to hemoglobin 
production is quite well known (6), some of the basic metabolic functions 
of these two vitamins, particularly of vitamin By, are at present obscure. 

In view of this information the effects of variations in dietary intake 
of vitamin By and folic acid on the following enzyme systems were in- 
vestigated: xanthine oxidase, D-amino acid oxidase, endogenous respira- 
tion, and catalase. Since we have experimental evidence! that folic 
acid strongly inhibits endogenous respiration of rat liver in vitro, the 
effects of dietary folic acid and vitamin B,2. upon endogenous oxidative 
activity have been studied. The influence of the two vitamins in question 
upon liver catalase activity has been investigated for several reasons. 
First, the porphyrin group is common to both catalase and hemoglobin; 
second, catalase destroys metabolic hydrogen peroxide, which is pro- 
duced by oxidation of p-amino acids and xanthine; and third, metabolic 
hydrogen peroxide is believed to be involved in the destruction of hemo- 
globin (7). 

As a preliminary investigation into the metabolic disorder producing 
paralytic symptoms in chicks on a folic acid-deficient diet containing 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee 
of the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation; by funds from the Commercial Solvents Corporation, Terre Haute, 
Indiana; and by funds from Swift and Company, Chicago, Illinois. 

We wish to acknowledge the assistance of Mr. L. 8. Dietrich for care of the 
animals. 

‘Williams, J. N., Jr., and Elvehjem, C. A., in press. 
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vitamin By: (6), blood glucose determinations were made on the varioys 
groups of experimental animals. 


EXPERIMENTAL 


Straight run (New Hampshire males X single comb white Leghom 
females) cross-bred chicks which were the offspring of hens fed Diet B. 
(8) were used as experimental animals. The chicks were housed in elec. 
trically heated batteries with raised screen floors and were fed and watered 
ad libitum. Weights and hemoglobin values of the chicks were recorded 
just prior to use in the enzyme studies. Blood samples for hemoglobin 
and glucose determinations were taken by direct puncture of a wing 
vein. 

Throughout the feeding period all chicks received a folic acid-deficient 
ration containing sucrose 61, alcohol-extracted casein 18, gelatin 10, Salts 
V (9) 6, soy bean oil 5, L-cystine 0.3, and fortified haliver oil (60,000 
U.S. P. units of vitamin A, 6000 A. O. A. C. units of vitamin D; per gm.) 
0.4 per cent; thiamine hydrochloride 0.3, riboflavin 0.6, nicotinic acid 5.0, 
pyridoxine hydrochloride .0.4, calcium pantothenate 2.0, biotin 0.02, 
choline chloride 150, inositol 100, 2-methyl-1 ,4-naphthoquinone 0.05, and 
a-tocopherol 0.3 mg. per cent. 

Four groups of chicks were maintained on the synthetic ration for 4 
weeks before being used in the enzyme studies. When supplemented 
with folic acid or vitamin By, the chicks received 200 y of folic acid? per 10 
gm. of ration and 0.7 per cent charcoal-vitamin By concentrate? (equiva- 
lent to approximately 3 y of vitamin By. per 100 gm. of ration). Some 
of the chicks were placed on the basal ration for 2 weeks before supple- 
mentation with PGA or vitamin By. The remainder received the supple- 
ments throughout the 4 week period. Each of the four groups of chicks 
received the following supplements to the basal ration, respectively: 
Group I, folic acid plus vitamin B,2.; Group II, folic acid alone; Group III, 
vitamin B, alone; and Group IV no supplement. In addition to these 
four groups of chicks an additional group was maintained on a good 
stock ration for 4 weeks. 

When used in the enzyme experiments, the animals were decapitated and 
bled. The livers were removed immediately, chilled in cracked ice, 
blotted free of moisture, and weighed. A portion of each liver was homo- 
genized for 3 minutes in a Potter-Elvehjem homogenizer with 5 volumes 
of ice-cold 0.039 m sodium potassium phosphate buffer (10) and strained 
through gauze. 


* We are indebted to Lederle Laboratories Division, American Cyanamid Com- 
pany, Pearl River, New York, for the folic acid and to Merck and Company, Inc., 
Rahway, New Jersey, for the vitamin B;: concentrate. 
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Xanthine oxidase activity of the homogenates was determined by a 
method outlined by Keith et al. (4). pb-Amino acid oxidase was meas- 
ured by the method of Axelrod, Sober, and Elvehjem (11), and catalase 
by the method of Jolles (12). The first 10 minute oxygen uptake before 
the substrate was added in the p-amino acid oxidase determinations was 
taken as a measure of endogenous respiration of the livers. 

Liver nitrogen and dry weight determinations were made in most cases. 
Whenever possible, enzyme activity, blood glucose, nitrogen, and dry 
weight determinations were made on the same animals. 


TABLE I 
Relationship of Vitamin Supplements to Enzyme Activity 








ees | Ration supplement ee Liver enzyme activity 
————___—____—| _— hey pal 
p-Amino acid 13 | PGA, vitamin B, | 97 Units = yl. O2 uptake per 
oxidase | 6 9 | 100 | hr. per gm. liver at 30° 
13 | Vitamin Be 700 
115 | None | 395 
| 6 (Stock ration) | 230 
Xanthine oxidase | i PGA, vitamin By» | 2.0) Units = mg. uric acid 
| 6 _ 1.6. formed per 1} hrs. per 
| 13 | Vitamin By i 4.6) gm. liver at 25° 
| 12 | None 5.3) 
| 6 (Stock ration) | 9.4 
Endogenous res- | 13 PGA, vitamin B, 2490 | Units = yl. O2 uptake per 
piration | 6 . (2500 hr. per gm. liver at 30° 
| 13 Vitamin By (2310 | 
'15 | None 2410 
| 6 (Stock ration) 1880 
Catalase 13 PGA, vitamin B.. 94 | Units = monomolecular 
6 ig 97 reaction constant at 
13°) Vitamin By ' 103 0° & dilution of liver 
} Ried None ' 107 


6 (Stock ration) | 166 


RESULTS AND DISCUSSION 


The results of the enzyme determinations are presented in Table I. 
Enzyme activities for the two lots of chicks given supplements of the 
vitamins in question throughout the 4 week feeding period or for only 
the last 2 weeks have been averaged together, since both lots gave essen- 
tially the same results. 

Calculation of the enzyme activities in terms of wet weight, nitrogen, 
or dry weight of the liver gives essentially the same picture. For this 
reason we have reported the results upon a wet weight basis only. 

When both PGA and vitamin By are absent from the diet, activity of 
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p-amino acid oxidase in the liver is about 4 times greater than that ob. 
served when PGA is present. However, if vitamin By is present withou 
PGA in the diet, a 7-fold increase in pb-amino acid oxidase activity js 
observed. It appears, therefore, that vitamin By and folic acid haye 
dissimilar effects upon this enzyme. When folic acid is included in the 
diet, however, the stimulatory effect of vitamin By: disappears. 

In contrast to the results with p-amino acid oxidase, xanthine oxidase 
activity is not increased by the level of vitamin By fed, even if PGA js 
omitted from the ration. In fact, vitamin Bj: appears to depress activity 
of this enzyme slightly when PGA is absent from the diet. Since both 
p-amino acid oxidase and xanthine oxidase are flavin enzymes, the apparent 
inhibition of activity by folic acid can possibly be explained by a direet 
action of the vitamin upon the enzyme protein or prosthetic group. This 
action is perhaps competitive in nature in view of the structural similar. 
ities of the pterin nucleus both to the purines and to the flavin group. 
However, the fact that p-amino acid oxidase activity is higher when 
vitamin By is included in the diet (in the absence of PGA) is perhaps 
explainable by an increased synthesis of enzyme protein rather than a 
direct stimulation of the enzyme already present. This point remains 
to be checked by direct in vitro studies with vitamin By, however. 

From the results in Table I, it appears that dietary PGA at the levels 
employed has only a negligible influence upon endogenous respiration. 
These results are contrary to those obtained when PGA is added directly 
to a flask containing rat liver homogenate.' It is possible that the effects 
of the relatively low dietary levels upon endogenous oxygen consumption 
are obscured by dilution of the vitamin in the tissues of the intact animal. 
It is also conceivable that the depressant effects of folic acid occur mainly 
in relation to specific flavin enzymes. Consequently, if most of the 
endogenous respiration in chick liver is due to oxidation of metabolites not 
involving the flavin enzymes in question, the depressant effect of PGA 
upon endogenous oxygen consumption may not be easily apparent. 

From the results in Table I, it appears that catalase activity is inde- 
pendent of either dietary PGA or vitamin By. It was thought that 
perhaps the activity of catalase would increase when a greater need for 
it appeared, as in a folic acid deficiency. On the other hand, there is 
certainly no decrease in catalase activity when PGA is absent from the 
diet. It would appear, therefore, that the decrease in blood hemoglobin 
concomitant with a folic acid deficiency is due to an effect other than in- 
adequate porphyrin synthesis. 

The results of the enzyme determinations for the group of stock chicks 
are somewhat different in endogenous respiration and catalase activity 
from the results of the chicks on synthetic rations, although all of the 
animals employed were comparable in age and heredity. The reasons 








for the 
status 
dietary 

Valu 
weight 
ration 
ing su 
ave pre 
It apy 
hemog 
of the 
weight 
only ¥ 

Fro 


invers 


Effect 


Folic 


Vitam 
None. 


*s 


this 
has | 

Th 
of d 
vitar 

TI 
Weig 
mete 
amir 
acti 


St 
acid 
chic 











WILLIAMS, NICHOL, AND ELVEHJEM 693 


for these differences are not clear, although they possibly reflect a healthier 
status of the animals on stock ration because of the presence of unknown 
dietary factors. 

Values for average chick weights, hemoglobin, ratios of liver to body 
weight, and blood glucose for the different groups of chicks on synthetic 
ration are reported in Table I]. The results from those animals receiv- 
ing supplements of PGA or vitamin By throughout the 4 week period 
are presented, since blood glucose. was determined only upon these chicks. 
It appears that, although vitamin By alone exerts little influence. upon 
hemoglobin formation, it has a strong effect in increasing the body weight 
of the chicks. Folic acid alone has a similar but greater effect upon chick 
weight. Under our experimental conditions weight response is optimal 
only when both vitamins are given. 

From the work of Keith et al. (4) it appears that dietary folie acid is 
inversely related to the ratio of liver to body weight. Our results indicate 


TaBLeE II 
Effect of Dietary Folic Acid and Vitamin By on Weight and Blood Constituents 
in Chicks 


| Average Ratioof | Blood 

Ration supplement* weight of | Hemoglobin | liver to body | ied 

chicks weight ghucose 

gm. per cent me. per cent 

Folic acid, vitamin By... 309 9.1 0.028 18] 
a oi ns Ceara aaa jhe date 263 8.6 0.029 180 
Vitamin By. ae ee 5.2 0.036 246 
ME 0 Ge Ss «dows deep os 2a | 90 6.8 0.036 238 


* Six chicks in each group. 


this to be the case, and that vitamin By, even in the absence of PGA, 
has little influence upon this ratio. 

The results of blood glucose determinations indicate that in the absence 
of dietary folic acid blood sugar concentration is increased. Dietary 
vitamin By, however, at the levels employed appears to have little effect. 

The apparently synergistic action of folic acid and vitamin By upon 
weight and hemoglobin of the chick is not clearly indicated among the 
metabolic factors we have studied in this paper. In only one case, p- 
amino acid oxidase, do we find a positive effect of vitamin By» upon enzyme 
activity, and this effect is unlike that of folie acid. 


SUMMARY 


Studies on the influence of dietary folic acid and vitamin By on D-amino 
acid oxidase, xanthine oxidase, catalase, and endogenous respiration of 
chick liver have been presented. 
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Reports that dietary folic acid is related inversely to the two flayiy 
enzymes have been confirmed. It appears that catalase and endogenoys 
respiration are not directly controlled by either vitamin By or PGA 

Chicks fed a diet supplemented with vitamin By. without folic acid shoy 
higher p-amino acid oxidase activity than those not receiving vitamin 
Bu. 

Vitamin By. augments the effect of PGA in weight responses. 

Dietary folic acid is inversely related to blood glucose, while unde; 
the conditions of our experiments vitamin By. appears to have little direm 
relationship to this blood component. 
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MICROBIOLOGICAL DETERMINATION OF ISOLEUCINE IN 
PROTEINS AND FOODS 


By MILLARD J. HORN, D. BREESE JONES, anno AMOS E. BLUM 


(From the Bureau of Human Nutrition and Home Economics, Agricultural Research 
Administration, United States Department of Agriculture, Washington) 


(Received for publication, April 9, 1949) 


Streptococcus zymogenes (1), Streptococcus lactis (2), Lactobacillus fer- 
mentt 36 (3), Lactobacillus arabinosus (4-11), Leuconostoc mesenteroides 


P-60 (12), and Streptococcus faecalis (13-16) have all been used or recom- 
mended for the assay of isoleucine. 





ML. OF 0.05N NaOH 
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Fig. 1. Standard curve for isoleucine with Leuconostoc mesenteroides 


The discovery by Smith and Greene (17) of an inactive isomer, allo- 
isoleucine, in the synthetic isoleucine preparations has focused attention 
on the purity of preparations used to develop the standard curves. It 
was found that most of the commercial samples of isoleucine were not 
pure enough to use in preparing the standard curve, one sample assaying 
only about 28 per cent of isoleucine. However, one of these preparations 
was found to contain no alloisoleucine and was used as the standard. In 
order to check the results obtained with L. mesenteroides, a second organ- 
ism S. faecalis was used. The values obtained were in close agreement. 
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TABLE | 
Differences in Acid Production by Leuconostoc mesenteroides in Media with Various 
Isoleucine Preparations 











L-Isoleucine leven 1 suente 2 Siaute 3 Senne 4 Sample 5 
¥ ml. ml, ml, ml. | ml. 
5 2.9 3.4 3.3 3.9 3.4 
10 3.9 5.2 4.8 5.8 5.2 
15 4.8 6.4 61 | a | 6.7 
20 5.8 7.6 (ey 8.7 | 8.0 
25 6.5 8.5 8.1 | 9.9 | 9.2 
30 7.3 9.5 | 9.0 | 11.0 | 10.1 
40 8.7 11.1 10.7 13.1 12.0 
50 9.8 ae | Ww | 14.5 | 13.7 
The results are expressed in ml. of 0.05 Nn sodium hydroxide. 
TABLE II 
Recovery of Isoleucine Added to Protein Hydrolysates 
Isoleucine 
Protein hydrolysate a : 
hhydrolysater Added Total Found Recovery 
| ¥ } ¥ | y ¥ per cent 
sss Shik Meiers 4.25 5.00 | 9.25 | 9.40 102 
a te aR eee Lah 8.50 5.00 13.50 14.00 103 
POG GBH 2 dye Os ee sae.) ere §.00 | 17.75 17.85 101 
ee -| 10.70 | 2.50 13.20 13.50 102 
“ 10.70 | 5.00 15.70 15.75 101 
5 10.70 | 7.50 18.20 18.25 101 
. Bie 10.70 10.00 20.70 20.75 101 
Corn, whole, yellow 5.25 5.00 10.25 10.25 100 
a *s i Bee OR Ere | 5.25 10.00 15.25 15.75 103 
- a ' 5.25 | 20.00 25.25 25.00 99 
= 5.25 | 30.00 35.25 34.75 98 
Milk, dry, skim........ 8.50 2.50 11.00 11.10 101 
si . i 8.50 5.00 13.50 13.50 100 
« 4: ‘ 8.50 7.80 16.00 16.50 103 
“ - ” 8.50 10.00 18.50 18.50 100 


* Uncorrected for moisture and ash. 


EXPERIMENTAL 

Leuconostoc mesenteroides P-60 was employed in the assays described.' 

Basal Medium—The basal medium was the same as that used in the 
assay of phenylalanine (18). 

‘Obtained from the American Type Culture Collection, Georgetown Universit) 
School of Medicine, Washington, D. C. 
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Assay Procedure—The procedures followed for the cultures, inoculum, 
and preparation of samples were identical with those described in other 
papers (19, 20). 


TaB_e III 
Isoleucine Content of Some Proteins and Foods Determined at Different Assay Levels* 








Assay level | Lactalbumin Phaseolin Brazil nut meal Whole dried egg 
y . per ceni y | per cent ¥ per cent 7 per cent 
100 5.80 | 5.80 6.00 6.00 
200 11.50 | 5.75 11.80 5.90 3.50 1.75 8.00 | 4.00 
300 b © 87.200 8.75 18.00 , 6.00 
400 22.75 5.70 24.00 | 6.00 7.10 1.78 15.60 | 3.90 
500 
600 10.50) 1.75 | 24.00} 4.00 
800 13.50 1.69 32.15 | 4.02 

1000 
1500 
2000 
3000 
4000 

Average. .. 5.75 5.98 1.74 3.98 

Assay level | Whole yellow corn Oatmeal White rice Whole rye 
Y ¥ per cent ¥ per cent ¥ per cent ¥ per cent 
100 
200 
300 
400 
500 2.45 0.49 3.40 0.68 
600 
800 | 

1000 5.00 0.50 6.75 0.68 3.10; 0.31 4.50 | 0.45 

1500 7.15 | 0.48 | 10.25| 0.68 | | 

2000 9.60 0.48 | 13.50 0.68 6.30 0.31 9.25 | 0.46 

3000 9.00 0.30 13.40 | 0.45 

4000 12.00 0.30 18.00 0.45 
Average. . 0.49 0.68 | 0.31 | 0.45 


* Uncorrected for moisture and ash. 


Preparation of Isoleucine Standards—In Table I there is presented a 
comparison of acid production obtained by assaying five different iso- 
leucine samples purchased from four different commercial manufacturers. 
It is apparent that there is quite a difference in the purity of these com- 
pounds. Assuming 50 per cent activity for the pL compounds, the increase 
in acidity per unit of L-isoleucine indicates that Sample 4 is the purest 
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compound. This sample gave no change in acid production after repeated 
recrystallization from dilute alcohol and was considered sufficiently pure 


TABLE IV 
Reproducibility of Isoleucine Content by Separate Assays* 





! 


Material | Assay 1 











| 
| 
per cent | per cent | per cent per cent 


Arachin. . ied Miaidute cde nt ee 4.18 
Barley, pearled eer ee OM aT |S | 0.48 | 0.48 | 0.48 
IN eon sd sar avede ti axa: | 5.31 | 5.14 5.21 | 5.22 
Conarachin............... | | 3.69 | 3.74 | 3.78 
Corn germ, defatted. . | 0.79 0.73 | 0.76 
Corn, whole, yellow.............. 0.49 | 0.52 | | 0.51 
Cottonseed globulin.............. 4.04 | 4.19 | t e4g 
Edestin.. ; 5.22 6.11 | 5.17 | 8.27 
Gelatin (Bacto). 1.01 1.09 | 1.05 
Milk, dry, skim.. zhi 2.21 ; 2.13 | | 2.17 
Ovalbumin (erystalline). 6.90 | 7.00 6.95 
Phaseolin (navy bean). . Sales 6.06 | 5.98 6.02 
Wheat bran globulin......... by 3.54 3.68 3.61 
AU ge Sah Rao ae 4.89 4.70 4.77 4.79 





* Uncorrected for moisture and ash. 
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Fia. 2. Standard curve for isoleucine with Streptococcus faecalis 


to use in preparing the standard curve (Fig. 1). The titration values on 
this curve were not altered by the addition to the medium of 1.2 mg. of 
any of the other nineteen amino acids. 
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d TABLE V 
re Isoleucine Content of Some Proteins and Foods with Use of Two Different Organisms 
Percentages calculated for ash- and moisture-free material. 
| Isoleucine 
a Material pon niin aaa Values from literature 
L. mesen- A } 
je | | teroides | faecalis | 
% | per cent | per cent | per cent 
8 ae | 18.30 | 4.55 | 4.38 | 
7 Casein.......... ..| 16.07 | 5.63 | 5.82 | 6.4 (8), 6.0 (9), 5.6 (13), 8.0 
? | | (14), 7.6 (16), 5.2 (21) 
3 Coconut globulin. ... | 17.42 | 4.43 | 4.49 | 
6 Conarachin...................| 18.20} 3.98 | 4.02 | 
l Cottonseed globulin. ... | 18.00 | 4.62 | 4.52 | 2.5 (22), 2.2 (23) ‘ 
2 eee | 18.55 | 5.54 | 5.46 | 6.47 (16), 4.7 (17) : 
7 Gelatin (Bacto)........ | 18.32 | 1.25 | 1.27 | 1.5 (9), 1.72 (13), 1.9 (14), . 
5 | 1.7 (23) : 
7 Ser Ts oF Ue | . 
5 Lactalbumin..................| 15.89 | 6.12] 5.89 | 6.0 (9) i 
2 Ovalbumin (crystalline).......| 15.98 | 7.41 | 7.34 | 7.0 (13) i 
1 NG oro. sbi'e ¥ sladne eats 16.00 | 6.50} 6.48 | 5.3 (9), 5.7 (24) ¢ 
y Peanut, total globulins....... 18.01 | 4.28; 4.40 | ; 
Phaseolin (navy bean)........ 16.07 | 6.69] 6.45 | : 
} Wheat bran globulin..........| 17.76 | 3.82] 3.90 | : 
wih. dys -.....| 16.00 | 5.03 | 5.08 | : 
Barley, pearled...... ...++.{ 1.86] 0.53 | 0.55 | 0.45 (14) H 
Bras! nut meal. ..;..:.....:.. 9.03 |} 2.09] 2.01 
Corn germ, defatted.......... 3.93 | 0.92 | 0.88 | 1.0 (24) : 
Corn, whole, yellow........... | 2.22] 0.61 | 0.58 | 0.89 (14) i 
| Cottonseed flour.............. | 10.36 | 2.16 | 2.06 | 2.20 (5), 2.91 (14), 2.52 (24) : 
Ber, whole, dried............. | g.11| 4.43} 4.09 | 3.57 (24), 4.05 (25) . 
Milk, dry, skim............... | 6.57 | 2.51 | 2.35 | 2.46 (8), 2.14 (13), 2.96 (14), ae 
} | 2.96 (26), 2.388 (27) : 
sac agi dda Sin scdeeek 2.73 | 0.76 | 0.74 | 0.71 (14), 0.90 (23) > 
a 10.15 | 2.44] 2.88 | 2.16 (5), 2.92 (24) ro oe 
| Peas, black-eyed.............. 4.15 | 1.27 | 1.23 | 1.32 (23) » 
eee eee 1.26 | 0.385; 0.33 
i! ees 1.98 | 0.51} 0.47 | 0.50 (13) 
Soy bean flour................]| 8.85 | 2.71 | 2.70 | 2.60 (5), 2.80 (11), 2.49 (18), 
) 3.39 (14) 
Wheat germ, defatted........| 6.50 | 1.46 | 1.49 1.42 (23), 1.54 (24) 
DS IG. Bbc < cnn k'sn 08 3.07 0.69 | 0.67 | 0.63 (5), 0.69 (13), 0.83 (14) 
Yeast, dried, brewers’........ | 7.71 | 2.37 | 2.42 | 2.02 (13), 2.90 (24), 2.84 (28) 








Recovery of isoleucine added to hydrolysates of arachin, casein, corn, 

) and milk powder was satisfactory for this type of assay with an over-all 
standard deviation of +1.8 per cent (Table II). 

Table III shows values found for several proteins and foods at different 

assay levels. Data on the reproducibility of values found for a number 











on de ee eee 


sn ae 


BA*ervve ze 


~~ 
ru é 


?asaeiraerrm Zs 


f 





700 DETERMINATION OF ISOLEUCINE 


of materials when determined by separate assays on different samples are 
given in Table IV. 

After the results with L. mesenteroides were obtained, a second organism 
S. faecalis 9790' was used to assay the same materials with the same me. 
dium. The standard curve for S. faecalis is shown in Fig. 2. The results 
obtained by the two organisms are given in Table V? together with values 
found by other workers. 


SUMMARY 


A microbiological method is described for the determination of isoley- 
cine in proteins and foods with Leuconostoc mesenteroides. The results 
obtained were checked by assays with Streptococcus faecalis and the same 
basal medium. The values obtained are in close agreement. 
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? The sources and preparations of the samples assayed are given in a previous pub- 


lication on the determination of methionine (29). 
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ISOLATION OF ACETYLHISTAMINE FROM URINE FOLLOW- 
ING ORAL ADMINISTRATION OF HISTAMINE 


By HERBERT TABOR ann ERICH MOSETTIG 


(From the Experimental Biology and Medicine Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, May 23, 1949 


An unidentified histamine derivative was demonstrated by Anrep et al. 
(1) in the urine of dogs to which histamine had been administered orally. 
Rosenthal and Tabor (2) confirmed this observation and noted similarities 
between this compound and acetylhistamine (4-(6-acetylaminoethy])imid- 
azole). By means of paper chromatography Urbach (3) demonstrated 
the identity of the migration rates of a urinary histamine derivative (ob- 
tained after oral administration of histamine) and synthetic acetylhis- 
tamine. In the present investigation acetylhistamine, isolated from the 
urine of dogs fed histamine, has been crystallized, characterized, and 
identified. 


EXPERIMENTAL! : 2 


Synthetic Acetylhistamine and Picrate 





4-(8-Acetylaminoethyl)imidazole (Acetylhistamine)—Histamine was acet- 
| ylated by refluxing it for 1 hour with acetic anhydride according to van 
der Merwe (4). When pure, the acetylhistamine crystallized readily from 
absolute ethanol-ether or ethanol-ethyl acetate as colorless prisms. It 
sublimed readily in vacuo (at about 140° and 0.05 mm.). It melted at 
) 147-148°, and was readily soluble in ethanol and in water. 


Analysis—C7Hi:N;,0. Calculated, N 27.4; found, N 27.6 


| Histamine (base) could be conveniently obtained by passing an approxi- 
mately 2 per cent solution of histamine dihydrochloride in 95 per cent 
ethanol through a column of Amberlite IRA-400. The percolate (chloride- 
free) was evaporated to dryness and the residue purified by sublimation 
in vacuo (at about 100° at 0.05 mm.). 
4-(8-Acetylaminoethyl)imidazole Picrate—Acetylhistamine and _picric 
| acid (10 per cent in excess of the molecular equivalent) were dissolved in a 
minimal amount of hot absolute ethanol. Upon cooling, the picrate 
separated in long prismatic yellow needles. It was recrystallized from 


‘ All melting points are corrected. 
. * All microanalyses were made in the Microanalytical Service Laboratory of the 
National Institutes of Health (under the direction of Mr. William C. Alford). 
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absolute ethanol (if necessary with the addition of ether); m.p. 169-17}: ign. ae 
(slight sintering at 162°). Upon slow evaporation of an ethanolic goly. volun 

tion, the picrate crystallized as yellow prisms, melting at 181-183° (sinter. sate 
ing at 175°). The low melting samples changed on standing for 2 to 3 i solu 
months to the high melting form. By slow cooling of the melt of thi “Y ¥® 
modification, the low melting form, m.p. 170-171°, was obtained again, phosphat 


and the | 

Analysis—C,;3Hi4NeOs. Calculated, C 40.8, H 3.7; found, C 41.0, H 3.9 The com 

; i vol 

For recovery of the base a solution of 50 mg. of the picrate in 10 ¢e, ¢ es 
to 


absolute ethanol was passed through a column of activated alumina (( 
em. long and 0.8 cm. in diameter), and the column washed with four 10 ¢¢ | I 
portions of absolute ethanol. The ethanolic solution was evaporated jy | 


§ 


c 


vacuo and the residue recrystallized and sublimed; m.p. 146-148°. al 
a 

Administration of Histamine and Recovery of Acetylhistamine from Urine | absolute 

‘ , : , tions we 

Experiment 1—660 mg. of histamine dihydrochloride and 600 mg, | abjecte 


NaHCO; in 150 cc. of milk were administered by stomach tube (in two | +t 120-) 
doses with an interval of 6 hours) to each of three male dogs (weight about | 


10 kilos) which had been fed a diet of white bread and milk. Morphine | . 
sulfate (10 mg. per kilo) had been administered subcutaneously to the| 4 ghou 
dogs half an hour before the histamine dosage (to prevent vomiting). The | | m metrica 
urine was collected by catheterization during the 36 hour period followi ing | melting 
histamine administration; voided urines were discarded. | picrate 

Experiment 2—330 mg. of histamine dihydrochloride and 300 mg. of picrate 
sodium bicarbonate in 150 gm. of ground horse meat were fed five times gymin: 
weekly for 2 weeks to each of three male dogs. Only catheterized urine Expe 
were collected. in Exp 


Experiment 3—The procedure of Experiment 1 was followed, except) 4 and 
that voided urines were collected in metabolism cages. 


| tively. 

Extraction of Acetylhistamine from Urine—The preliminary purification | ver ce’ 
from the urine was based on the extraction of histamine by n-butanol at pp» pi 
an alkaline pH, reported by McIntire, Roth, and Shaw (5), and the sub) phem 


sequent reextraction into the aqueous at an acid pH. The content oi tering 
acetylhistamine’ at the various stages of purification was estimated color ogi 
metrically (2). The n 


The urine was treated with Na,SO, and NasPO,4-12H.O0 (23 gm. and | polte 


3 It has been previously reported that there is only a very small amount of un ing at 
changed histamine in the urine of dogs, even after the oral administration of hist | 0-1 
mine. A quantitative estimation of the total histamine derivative excreted has been | histan 
reported elsewhere (1, 2,6). The yields reported in this paper do not represent the | 9 16% 
total acetylhistamine excreted, since non-catheterized urines were discarded in Ex- 
periments 1 and 2 and since there were unavoidable losses during purification. 
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igm. respectively per 100 ce. of urine) and extracted three times with 0.33 
volume of n-butanol. The combined supernatant butanol layers were 


ini * extracted four times with 0.066 volume of 0.1 N sulfuric acid. The aqueous 
SUL LEY 


2 to 3 


) 
) 


yid solution was extracted once with 0.1 volume of butanol (the butanol 
layer was discarded) and adjusted to pH 8 with sodium hydroxide and 
shosphate buffer. NaSO, (23 gm. per 100 cc. of solution) was added, 
ind the mixture was extracted three times with 0.33 volume of butanol. 
The combined supernatant butanol layers were extracted four times with 
),066 volume of 0.1 N sulfuric acid. This aqueous acid extract is referred 
toas Solution A. 


Isolation, Purification, and Characterization of Acetylhistamine 


Experiment 1—Solution A was neutralized with potassium carbonate 
and evaporated in vacuo to dryness. The residue was extracted with 
‘absolute ethanol and ethanol-ethyl acetate. Since no well defined frac- 


| tions were obtained in this manner, the combined extracted material was 
2.6 subjected to fractional sublimation at 0.1 mm. The fraction subliming 
| (WO | s¢ 120-180° was recrystallized from ethanol-ether and melted at 135-136° 
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sintering at 128°). The mixture with an authentic sample of acetylhis- 
tamine melted at 134-142°. Yield, approximately 20 mg., corresponding 
to about 17 per cent of the content of acetylhistamine* estimated colori- 
metrically in the original urine. The product was converted into a picrate 
melting at 163-165°. The mixture with an authentic acetylhistamine 
pierate melting at 168—-170° melted at 167-169° (softening at 164°). The 
picrate was decomposed by passing it in an ethanolic solution through 
aumina. The base melted at 140.5-148° (softening at 135-137°). 
Experiment 2—The procedure of isolation was essentially the same as 
in Experiment 1. In the final sublimation (at 0.05 mm.) two fractions, 
A and B, were collected, subliming at 80-120° and at 120-170° respec- 
tively. Fraction A weighed approximately 15 mg. (corresponding to 15 
per cent? of the content of histamine derivative in the original urine). 
The picrate prepared from it melted at 165.5-167.5° (softening at 163°). 
The mixture with an authentic low melting picrate melted at 165-168° (sin- 
tering at 163°). By recrystallization from ethanol the higher melting 
nodification was obtained, melting at 178-180.5° (softening at 175-178°). 
The mixture of this compound with an authentic high melting sample 
melted at 179-182°. The resolidified picrate melted at 168-169° (soften- 
ing at 167°). Fraction B weighed approximately 10 mg. It melted at 
140-144.5° (softening at 138.5°); the mixture with an authentic acetyl- 
histamine melted at 144.5-147° (softening at 143.5°). The picrate melted 
at 167-168° (softening at 163°); the mixture with an authentic low melting 
picrate melted at 168-169° (softening at 167°). By recrystallization both 
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modifications were obtained; one melted at 168-169°, the other at 180-1g)° 
The latter after solidification melted at 169-169.5°. 


Analysis—Ci3HuNoOs. Calculated, C 40.8, H 3.7; found, C 41.1, H 3.9 


Experiment 3—The urine was treated as in Experiments 1 and 2 with 
minor modifications. Colorless prismatic needles, melting at 133~-139° 
were obtained. The mixture with an authentic sample of acetylhistamin 
melted at 136-145°. Yield, 10 mg. (corresponding to about 5 per cent! 
of the acetylhistamine estimated colorimetrically in the original urine), 


Analysis—C;HN;0. Calculated, C 54.9, H 7.2; found, C 55.1, H 7.4 


SUMMARY 


Crystalline 4-(6-acetylaminoethyl)imidazole (acetylhistamine) has bee, 
isolated from dog urine after oral administration of histamine. 

The product was characterized and identified as the base and the picrate. 
The latter exists in two crystalline forms. 


We thank Dr. Hugo Bauer, Dr. Sanford M. Rosenthal, and Dr. R. 6. | 


Millican for their advice and help. 
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THE RATE OF UTILIZATION OF AMMONIA FOR PROTEIN 
SYNTHESIS* 


By DAVID B. SPRINSON anv D. RITTENBERG 


From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, April 6, 1949) 


The ability of rats to utilize dietary ammonia for the synthesis of amino 
acids has previously been demonstrated (1, 2). Following the adminis- 
tration of labeled ammonia to these animals N* was found in most of the 
amino acids of the tissue proteins. 

In order to study the effect of dietary conditions on the utilization of 
ammonia we have administered a small single dose of ammonium citrate 
of high N’® concentration to both rats and human subjects maintained 
at various levels of nitrogen output. Since the ammonia nitrogen which is 
not employed for protein synthesis is almost completely excreted in the 
urine, the rate of excretion will reflect the rate of utilization of ammonia 
nitrogen for protein synthesis. The results obtained are shown in Fig. 1. 
In the case of rats on a high protein diet (Experiments S-61, S-62, and 8-63 
of Table 1) the administered ammonia is almost quantitatively excreted, 


| while on a low protein diet (Experiments S-51 and 8-53) ammonia nitrogen 


rap, 





is incorporated into proteins almost as efficiently as glycine nitrogen on a 
15 per cent casein diet (3). Following the ingestion of labeled ammonium 
citrate by a human subject on a normal diet, 61 per cent of the ammonia 
nitrogen is excreted in 24 hours and 74 per cent in 48 hours (Table II). 

In comparison with amino acids, ammonia is poorly utilized for protein 
synthesis; it is extensively utilized only when there is a deficiency of dietary 
amino acids. In part this is due to the fact that it is rapidly converted 
in the liver to urea, which is unavailable for synthetic reactions (4). 

It appears that only a small portion of the absorbed ammonia reaches 
the kidney and is excreted as such. If the reverse were true, then the iso- 
tope concentration of the urinary ammonia during the first 3 hours of the 
experiment would be higher than that of the urea. Such is not the case, 


*The work reported in this paper was in part supported by a grant from the 
American Cancer Society (on recommendation of the Committee on Growth of the 
National Research Council). In part, this paper reports research undertaken in 
cooperation with the Quartermaster Food and Container Institute for the Armed 
Forces, and has been assigned No. 257 in the series of papers approved for publication. 
The views or conclusions contained in this report are those of the authors. They 
are not to be construed as necessarily reflecting the views or indorsement of the 
Department of the Army. 
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Fig. 1. Effect of protein intake on excretion of ammonia nitrogen. Curve A, rats 
on a low protein diet; Curve B, rats on a high protein diet; Curve C, a human subjeci | Ereret 
on a normal diet; Curve D, a human subject on a low protein diet (Addison’s disease 
TABLE I 
Excretion of Ammonia Nitrogen by Rats on Low and High Protein Diets* ™ 
‘ Experi- | weight 5s Total N Nis Nw | pnt | Excretion 7 
soi Rot | ofrat | Time eis don | excreted | excreted /Oriur | 
Lvaentcaniaiiedeas 1 <titndiaabaaciaast on —| t 
gm. hrs. gm. a i | meg. | meg. per cent 9- 
Low protein S-51 230 0-24 0.067 | 0.63 | 0.030) 0.030 29 . 
| 24-48 0.100 0.16 | 0.011} 0.041 39 ‘. 
“ e S-53 | 280 | 024 | 0.071 | 0.64 | 0.033 | 0.033| 31 me 
| | 24-48 | 0.062| 0.12 | 0.005 | 0.038, 36 “ 
High . 5-61 330 | 0-24 1.47 | 0.078 | 0.082 0.082 78 30 
| | 24-48 | 1.51 | 0.01 | 0.010; 0.092, 8% ‘ 
7 “ S-62 | 350 | 0-24 | 1.66 | 0.083 | 0.099| 0.099) % +] 
se 0 8-63 320 | 0-24 | 1.42 | 0.10 | 0.101} 0.101) % Nis) 
| | i ? 
SSP are a) ST eT Pi er RE rE Re 7 MIT ae 54 kil 
* 0.105 m.eq. of N as ammonium citrate (containing 32 atom per cent excess N“ +] 
was administered at the start of the experiment. + 
t In this column are given, for any individual experiment, the sums of the N® P 
excreted since zero time. 
n 
for the N™ concentration of the urinary ammonia is always less than that | acid 


of the urea (see Tables IT and ITT). in th 
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TaBe II 
Excretion of Ammonia Nitrogen by Normal Human Subject* 


N' concentration in urinary 


Time Total N constituents Total Nw Nt of fraction 

| Total N Utes | Aaumenia : 
ve. | am | cem.te | tom gor | atom ter | eg, | men. | perc 
o3 | 1.72 | 0.202 | 0.226 | 0.196 | 0.248 0.248 17.6 
3-6 | 1.55 | 0.156 | 0.186 | 0.042 | 0.173 0.421 29.9 
6-12 | 2.97 0.093 | 0.125 | 0.018 | 0.197 0.618 43.8 
12-21 | 4.23 0.055 | 0.069 0.016 | 0.166 0.784 55.6 
91-24 | 1.97 0.051 0.058 | 0.015 0.072 0.856 60.7 
24-30 3.26 0.043 0.040 | 0.014 0.100 0.956 67.8 
30-36 3.58 0.022 0.030 0.008 0.056 1.01 71.6 
36-45 5.15 0.009 | 0.014 | 0.011 0.033 1.04 73.8 


*1.41 m.eq. of Nis as ammonium citrate (containing 18.3 atom per cent excess 
N4) were ingested at the start of the experiment. The weight of the subject was 
64.4 kilos. A normal diet was consumed. 

¢ In this column are given the sums of the N” excreted since zero time. 


TaBLeE III 
Excretion of Ammonia Nitrogen by Human Subject on Low Protein Diet (Addison’s 











Disease) * 

N** concentration in urinary Bs a ats ee a 
Time | Total N Brennen cxereted | excreted | fraction of 

| Total N | Urea | Ammonia | 
a somes biplanes stl ava - 
hrs. | gm. aiom ber | dhotion | alem per | eg. i per cont 

| | 

-1t0 2¢| 0.429 | 0.266 | 0.369 | 0.302 | 0.082 | 0.082 | 7.3 
2-6 | 0.496 | 0.448 | 0.723 | 0.236 | 0.158 | 0.240 | 21.2 
6-9 | 0.402 0.338 | 0.576 | 0.176 | 0.097 0.887 | 20.! 
12 | 0.094 0.261 | 0.464 | 0.080 | 0.018 0.355 31.4 
12-15 | 0.615 | 0.223 | 0.3868 | 0.057 | 0.098 0.453 40.1 
15-24 | 0.528 | 0.127 | 0.218 | 0.045 | 0.048 0.501 44.3 
24-30 | 0.892 | 0.102 0.173 | 0.040 | 0.065 0.566 50.1 
30-36 | 0.810 0.021 | 0.096 | 0.082 | 0.012 0.578 51.1 


. 1. 13 m.eq. of Nu as ammonium citrate (contai aining ‘18. 3 atom per cent excess 
N) were ingested at the start of the experiment. The weight of the subject was 
54 kilos. 


tIn this column are given the sums of the N™ excreted since zero time. 
t Urine collection was begun 1 hour before administration of the labeled glycine. 


In contrast to the results with ingested ammonia, the feeding of an amino 
acid, labeled with N", results initially in a higher isotope concentration 
in the urinary ammonia than in the urea. In Table IV are shown typical 
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data from experiments in which isotopic glycine was administered to huma 
subjects. Experimental details are given in the following paper (3) (Ry. 
periments DS-2, MZ-1, GL-1). Here, during the first 3 hours, the isotop, 
concentration in the ammonia is greater than in the urea, suggesting tha 
some of the isotopic glycine passed through the liver and was available jy 
the kidney for ammonia formation. After 3 hours the N* concentratiq 
in the ammonia is less than that of the urea; glycine containing a high N¥ 
concentration is no longer available to the kidney. | 

In previous experiments (5) with rats in which labeled compounds wer 
incorporated into the diet the ratio of the N™ concentration of the am. | 
monia to that of the urea was less than 1 when ammonia was fed and greater 








TABLE IV 
N*5 Concentrations in Urinary Constituents Following Administration of Labeled 
Glycine to Normal Human Subjects* 


N'5 in NH; 





Experiment No. Time Total N Urea Ammonia - 
| N45 in urea 
ay | atom per cent alom per cent | atom per cent 
} excess excess excess 
MZ-1 ~-s | 018 0.139 0.247 1.77 
3-7 | 0.106 | 0.108 | 0.049 0.45 | 
7-15 | 0.072 0.079 0.035 0.44 
15-24. | 0.052 0.057 | 0.024 0.42 
GL-1 -s | ©0168 ) om +> Ose 2.87 
7 | 0.106 | O.118 | 0.054 0.46 
DS-1 os | 0:33 | 0:100 | 0.864 5.54 
36 | 0.112 0.124 | 0.122 0.98 = | 
6-9 | 0.099 | 0.106 | 0.079 0.74 
9-12 | 0.070 | 0.080 | 0.040 0.50 
12-21 | 0.050 | 0.061 {| 0.033 0.54 


* See the following paper (3) for the experimental details. 








than 1 when an amino acid was fed. When the labeled compound was 
continuously supplied in the diet, a condition analogous to that of the in: 
tial period (0 to 3 hours) of the present experiments was simulated, so that 
the excretion pattern of the N”™ is essentially the same for both types 
feeding. 

Through the kindness of Dr. R. F. Loeb we had the opportunity to study 
ammonia utilization in a patient suffering from Addison’s disease. ‘This 
patient was eating very little, her total nitrogen output per day being about 
2.5 gm. In this case of prolonged nitrogen starvation the utilization d 
ammonia nitrogen (see Table III) was almost as high as the utilization d 
glycine nitrogen by human subjects on a normal diet (3). 

It is to be noted that the data presented here relate to experiments i 
which small amounts of ammonia were administered, and the conclusios 
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derived need not necessarily hold when large amounts of ammonia are 
administered. 


EXPERIMENTAL 


Ammonium citrate was prepared by distilling ammonia containing 32 
atom per cent excess N* into an aqueous solution of 1 mole of citric acid; 
it was administered by mouth in one dose. The rats were given dicts of 
the following percentage composition: low protein diet, starch 83, brewers’ 
yeast 5, salt mixture (6) 4, cottonseed oil (Wesson oil) 6, cod liver oil 2; 
high protein diet, casein 81 (Eimer and Amend), Celluration 2, and the re- 
maining ingredients as above. Urine was collected and analyzed for urea, 
ammonia, and total nitrogen by the usual procedures. The N® concentra- 
tion was determined by a modification of our previous methods (7, 8). 

After the sample had been subjected to Kjeldahl digestion for 18 hours, 
the ammonia was liberated and distilled into 5 cc. of 0.07 Nn H.SO, (8). 
The distillate was then boiled down to about 2 ce. 

Oxidation of ammonia to nitrogen was effected by hypobromite. The 
hypobromite solution was prepared by the slow addition, with vigorous 
stirring, of 50 cc. of bromine to 150 ce. of 40 per cent (by weight) reagent 
quality NaOH held at 0°. Since hypobromite decomposes less readily in 
strongly alkaline solutions, another 150 cc. of 40 per cent NaOH were 
added when the addition of bromine was completed. 1 cc. of this solu- 
tion should oxidize from 10 to 12 mg. of NH;. When stored in a refrigera- 
tor, it retains its activity for months. 

Freshly prepared hypobromite tends to liberate oxygen, but this effect 
generally disappears after the reagent has been allowed to stand for a few 
days. After this time the solution can be separated by decantation from 
the precipitated sodium salts. Occasionally a batch of hypobromite is 
obtained which continues to exhibit this decomposition. The cause is not 
known, but it can be demonstrated that the rate of evolution of oxygen 
isaccelerated by cupric ions. 

We have studied the effect of several substances on the rate of decom- 
position of a sample of hypobromite which continuously evolved oxygen. 
The data, obtained manometrically, are given in Table V. It is clear that 
contamination with copper of either the reagent or the ammonia sample 
must be avoided. For this reason HgSQ, rather than CuSO, should be 
employed as a catalyst in the Kjeldahl procedure. 

Before use the hypobromite is diluted with an equal volume of water. 
Approximately 3 cc. of the diluted hypobromite solution are placed in one 
am of the Y-tube' shown in Fig. 2, and the ammonium sulfate sample is 
pipetted into the other arm. The joint is greased, the cap put into posi- 


‘ ‘This vessel can be obtained from Eck and Krebs, 131 West 24th Street, New 
ork. 
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712 AMMONIA IN PROTEIN SYNTHESIS 


tion, and the vessel is connected to a vacuum system (Fig. 3) by the 10/3 
ground joint. Several tubes may be connected at the same time. Follow- 
ing evacuation by a mercury diffusion pump to less than 0.01 mm. as jp 


TABLE V 
Effect of Various lons on Rate of Decomposition of Hypobromite at 26 
A manometer vessel containing 3 ec. of the hypobromite reagent and the indicated 
addition was shaken for 1 hour. 


Or 0 
Addition evolved Addition evolver 
per hr. per hr 
c.mm, c.mm 
None 4] 5.0 mg. HgCl, 26 
1.0 mg. CuSO, 1050 0.1 ‘* Na;AsO,y-7H.O 61 
ag Pe 140 10 ‘“* KBrO; 41 
ld “+ 10 mg. NaF 152 0.1 ‘* FeCl;-6H.O 30 
0.1 “ HgCl. | 9 | 


























Fic. 2. Gas sample tube for oxidation of ammonium salts with hypobromite 
dicated by a Pirani gage, the tubes are disconnected from the pumping 
system by rotating the Y-tube and detached. 

Prior to mass spectrometric analysis the ammonia sample is oxidized to 
nitrogen by mixing the hypobromite and the sample. After nitrogel 
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evolution has ceased, the Y-tube is placed in a dry ice-alcohol mixture to 
reduce the vapor pressure of the solution to a low value. The vessel is 
then attached to the gas line of the mass spectrometer by means of the 
10/30 joint and the nitrogen sample admitted by suitably turning the Y- 
tube in relation to the cap. 

These vessels will ordinarily show no leakage of air after several hours, 
especially if tubes and caps are not interchanged but kept permanently 
paired. However, if they are stored overnight in the refrigerator before 
mixing, they should be reevacuated. Routine preparation of samples yields 
nitrogen contaminated by less than 0.25 per cent of air as indicated by the 
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Fig. 3. Vacuum system for preparation of gas samples for mass spectrometric 
analysis. 


intensity of the argon peak. Most samples contain less than 0.1 per cent 
of air. This procedure yields results which are superior to those obtained 
by previous methods, and with a considerable reduction in time. With 
a sufficient number of vessels, sixteen samples can be prepared per hour. 

The same tubes can be employed for the preparation of COz for either 
C" or O'8 determinations. 


SUMMARY 


The rate of utilization of dietary ammonia nitrogen for protein synthesis 
was measured by determining the rate of excretion of the labeled nitrogen. 
On a high protein diet ammonia nitrogen is nearly quantitatively excreted; 








Fraime ries 


S2ivritivaaae 


marsrhncims Ac 


~ 
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almost none is utilized. On very low protein diets an appreciable frae. 
tion of the ammonia nitrogen is employed for protein synthesis. 


The relationship between the isotope concentrations of the urinary 


ammonia and urea following administration of labeled ammonia or amino 
acids is discussed. 


A modified procedure for the preparation of gas samples for mass spec- 


trometric analysis is described. 


We are indebted to Miss L. Ponticorvo and Mr. I. Sucher for technica] 


assistance and to Dr. M. Rothenberg for assistance in carrying out the 
manometric experiments. 
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THE RATE OF INTERACTION OF THE AMINO ACIDS OF THE 
DIET WITH THE TISSUE PROTEINS* 


By DAVID B. SPRINSON anp D. RITTENBERG 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, April 6, 1949) 


In an adult animal in nitrogen balance the loss of nitrogen is equal to 
the dietary intake. The initial experiments with N'-labeled amino acids 
showed that the nitrogen atoms excreted were not solely those contained 
in the diet. These results were not consistent with the view that the tissue 
proteins are chemically inert. On the contrary, it appeared that the pro- 
teins and amino acids were continually being degraded and resynthesized. 
The steady state of the organism appeared to be a reflection of the equality 
of the rates at which these chemical reactions occur. The view of the 
living cell as a dynamic system, elaborated in 1939 by Schoenheimer, 
Ratner, and Rittenberg (1), involved the concept of a metabolic pool. 

This theory has been generally accepted. That tissue constituents inter- 
act with the diet at a rapid rate has been demonstrated for most com- 
ponents of the diet (2). However, neither the magnitude of the inter- 
actions, e.g. the rate of protein synthesis, nor the size of the metabolic pool 
or pools has as yet been estimated in the intact animal. Indeed the meta- 
bolic pool has never been exactly defined except by implication in the paper 
cited (1). We shall here define the metabolic pool of the animal (or organ 
or cell) as that mixture of compounds, derived either from the diet or from 
the breakdown of the tissues, which the animal (or organ or cell) employs 
for the synthesis of tissue constituents. The nitrogenous compounds of 
the metabolic pool constitute the nitrogen pool. 

It is probable that all of the constituents of the nitrogen pool are present 
in the non-protein fraction. The reverse is not true. Urea and creatinine 
for example are not part of the metabolic pool, since they are solely excre- 
tory products (3, 4). For this reason neither the magnitudes nor the iso- 
tope concentrations of the nitrogen pool and the non-protein fraction are 
necessarily the same. 


*The work reported in this paper was in part supported by a grant from the 
American Cancer Society (on recommendation of the Committee on Growth of the 
National Research Council). In part, this paper reports research undertaken in co- 
operation with the Quartermaster Food and Container Institute for the Armed 
Forces, and has been assigned No. 258 in the series of papers approved for publication. 
The views or conclusions contained in this report are those of the authors. They 
are not to be construed as necessarily reflecting the views or indorsement of the 
Department of the Army. 
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716 AMINO ACIDS AND TISSUE PROTEIN 


When an amino acid is administered to an animal, it mixes with the 
metabolic pool. Part of the nitrogen is used for protein synthesis and 
another part is converted to the excretory products and excreted. The 
more rapid and extensive the utilization of an isotopic nitrogen compound 
for protein synthesis, the less labeled nitrogen will be found in the urine 
The rate of excretion of N™ will thus be a measure of the utilization of 
nitrogen of the compound fed for protein synthesis and of the magnitude 
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URINARY EXCRETION: PER CENT OF n'> FED 
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Fig. 1. Effect of protein intake on excretion of glycine nitrogen. Curves a and 
b, human subjects on a normal diet (about 0.20 gm. of nitrogen per kilo of body weight 
excreted in 24 hours). Curves c and d, human subjects on a high protein diet (about 
0.54 gm. of nitrogen per kilo of body weight exereted in 24 hours). 


of the metabolic pool. We have attempted to evaluate the magnitudes of 
these quantities. 

Normal human subjects in nitrogen equilibrium on a diet of their own 
choosing were given by mouth in a single dose 10 mg. of N™-labeled glycine 
per kilo of body weight. The rate of urinary excretion of N™ for two 
typical experiments is shown in Curves a and b in Fig. 1. About 30 per 
cent of the labeled nitrogen was excreted during the first 24 hours, and 
about 40 per cent in the first 48 hours. The excretion rate at this time 
had fallen to a very low level. It seems clear that on a normal diet approx- 
mately 70 per cent of the dietary glycine nitrogen is used for the formation 
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of tissue proteins. These results are in agreement with those previously 
obtained in rats on a 15 per cent casein diet supplemented with labeled 
glycine (5). ‘The proportion of retained nitrogen is, however, not an un- 
alterable constant. The degree of interaction of dietary amino acid nitro- 
gen with body protein can be greatly influenced by the level of nitrogen 
intake. On a high protein diet glycine is poorly utilized (Curves ¢ and d, 
Fig. 1), since nearly twice as much of the amino acid nitrogen is excreted 
as oh & normal diet. 

We have found empirically that the excretion of the labeled glycine 
nitrogen in both the rat and the human can be represented by Equation 1, 


Ag = NACI — e# (1) 
where \y = the amount of N"™ excreted up to time ¢ (in days), \» = the 


amount of N' fed, and A and B are constants. Equation 1 can be trans- 
formed as follows: 


oe = ] — eB (2) 
AO 2 
XE 
thea (3) 
Oz 


Xe 
—Bt=1] 1-— — 
n( 2) 


The values of A and B can be calculated from this equation. The close- 
ness with which the data of any one experiment fit Equation 4 is shown in 
Fig. 2 where the results of two typical human experiments, DR-1 and 
DR-2, are plotted in a semilogarithmic coordinate system. The data for 
these experiments are given in Tables I and II. The values of A and B 
for all human experiments are given in Table III.! 

The relationship of the constants A and B to the size of the metabolic 
pool and the rate of protein synthesis can be developed formally on the 
basis of certain assumptions. Assume that there is but one homogeneous 
metabolic pool containing P gm. of nitrogen. Let dietary nitrogen enter 
the pool at a constant rate of D gm. per day and nitrogen from breakdown 
of proteins enter at a constant rate of R gm. per day. Nitrogen leaves the 
metabolic pool by two routes; S gm. per day are used for the synthesis of 
tissue proteins and E gm. per day for the excretory products. If, as we 
assume, the animal is in a stationary state, S = Rand D = E. 

Let \o m.eq. of N™, as amino acid, be introduced at zero time and \ be 


i 
28 og(1-*) (4) 
WO L 


/ 


1 We assume that all of the N* excreted is in the urine. Actually a few per cent 
of the N** is excreted in the feces (1). This will tend to make our values for total 
nitrogen excretion and \¢ low, and so the values of A will also be low. 
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Fig. 2. Utilization of glycine nitrogen in human subjects as represented by Equa- 
tion 4; see Tables I and II. 


TABLE I 
Rate of Utilization of Glycine Nitrogen by Human Subject (Experiment DR-1) 














Time Poe Fak | sieigiadinn | Az* 2XE 8 1 al 
oS Seen eo ae Sa nee ee) Vee ee CO Se } rs 
hrs. gm. | ee en | m.eq. m.eq. | 

0- 3 1.70 | 0.176 | 0.214 | 0.214 | 0.073 | 0.85 
3- 6 | 1.55 |} 0.1338 | 0.147 0.361 | 0.123 0.75 
6- 9 |} 1.91 | 0.118 0.154 0.515 | 0.175 | 0.64 
9-12 | 2.51 | 0.088 | 0.158 | 0.673 | 0.229 | 0.58 
12-18 | 3.18 | 0.072 | 0.164 | 0.837 | 0.285 | 0.42 
18-21 | 1.29 0.062 0.057 0.894 | 0.304 | 0.38 
21-24 1.85 0.057 | 0.075 | 0.969 0.330 0.32 
24-30 2.58 | 0.048 0.088 1.06 0.360 0.26 
30-36 | 3.34 |} 0.0385 | 0.083 | 1.14 0.389 | 0.20 
36-44 | 3.54 | 0.029 |, 0.073 | 1.21 | 0.415 0.15 
44-48 | 1.64 | 0.025 | 0.029 1.24 | 0.425 0.13 
48-54 3.31 | 0.022 | 0.052 1.29 | 0.443 | 0.09 
54-60 2.46 | 0.018 | 0.032 1.33 | 0.453 | 0.07 


*he = N*® excreted; Ao = N!5 fed at zero time = 2.92 m.eq. 
+ A = 0.488 (see the text). 





the amount of N™ remaining in the pool at any time ¢. Let A» be very 
small relative to P. Then 


r nN 
-d\=—E _ ~ (5) 
dy P Edt + P Sdt — Qdt 
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The first quantity, (A/P)Edt, on the right side of Equation 5 represents 
the amount of N™ excreted in the time dt, for Edt is the amount of nitrogen 
excreted in time dt and /P is the atom fraction of N" in the pool. The 
second quantity, (\/P) Sdt, is the amount of N'* removed from the meta- 
bolic pool for protein synthesis. Q represents the rate at which N”™ is 
delivered to the metabolic pool as a result of the breakdown of protein 
which during the course of the experiment has incorporated N. We shall 
disregard Q (Q = 0), for it is clear that when, as in this case, \o is very much 
smaller than the total nitrogen content of the animal Q will be negligible 
| with respect to either Z or S. 





TaBLe II 
Rate of Utilization of Glycine Nitrogen by Human Subject (Experiment DR-2) 




















Time | ssontan | snseuapiatiins dz° 2s | «e Pon ME t 
hrs. gm. | ag ag | m.eq. | eg. 
18- 03 | 1.76 0.164 | 0.216 0.216 | 0.074 | 0.84 
36.5 | 1.12 0.132 | 0.106 0.322 | 0.110 | 0.76 
6.5-9 1.23 0.117 | 0.108 0.425 | 0.145 | 0.69 
9-12 2.03 0.092 | 0.133 0.558 | 0.191 | 0.59 
| 12-18 2.72 | 0.078 0.151 0.709 | 0.243 | 0.50 
| = 18-21 | 1.20 0.060 | 0.051 0.760 | 0.261 | 0.46 
21-24 | 1.78 0.065 | 0.083 | 0.84 | 0.289 | 0.38 
24-30 2.18 | 0.054 | 0.084 | 0.927 0.317 | 0.82 
30-36 | 3.58 | 0.037 0.095 | 1.02 0.350 | 0.25 
36-44.5/ 5.09 | 0.024 | 0.087 | 1.11 | 0.380 | 0.18 
4.5-51 | 3.89 0.019 | 0.053 | 1.16 | 0.398 | 0.15 
51-60 | 5.38 | 0.014 | 0.054 | 1.22 | 0.418 | 0.11 


j | j i 








*hz = N excreted; \ = N' fed at zero time = 2.92 m.eq. 
tA = 0.466 (see the text). 


It is to be noted that either E or S can have many components; 2.e., 
nitrogen from the metabolic pool may be used for many synthetic processes 
having rates of s;, S2, ... 8, or excretory processes having rates ¢), €,... €n. 
Under these conditions S = Ys, and E = Ze. 

Equation 5 can now be written as 

a _E+8 


: Pp dt (6) 


ery and integrated to yield 


(5) Inv = -(74*) t + constant (7) 
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The constant of mtegration is equal to In Xo, for at f = 0, A = Ap. Oy 
making this substitution, Equation 8 is obtained. 


The 
time ¢ 


rA= No e7 (E+) /P)t 


TaBLeE III 


Rate of Protein Synthesis and Size of Nitrogen Poal in Human Subjects 











Cos oo XZ. 
Experiment | Weight a *}.... a at A B s* | Pe Ex* S," P,* 
ms | subject “nn. 0-48 
hrs. hrs. 
keg. gm. percent per cent gm, | gm. gm, gm. em 
DS-1 75.0 | 17.2 | 34.7 42.0 0.450, 1.21) 21.0) 31.6 0.229 | 0.280; 0.421 
DS-2 | 75.0 16.3 | 27.0 | 35.0 |0.382) 1.27) 26.4) 33.6) 0.217 0.352, 0.448 
DR-1 | 64.4 | 14.0 | 33.0 | 42.5 |0.488, 1.08 14.7, 26.6, 0.217 | 0.228! 0.412 
DR-2 | 64.4 | 11.9 | 28.9 | 39.0 0.466 0.91, 13.7 28.1) 0.185 | 0.213 | 0.4% Th 
MZ-1 | 57.6 | 31.1 | 62.0 | 82.9 0.926) 1.18 2.5) 28.5) 0.540t) 0.043t! 0.494 j 
MZ-2 | 57.6, 9.4| 18.1 | 29.1 0.500] 0.45' 9.4) 41.9, 0.163 | 0.163 0.73 | {0 
MZ-3 | 57.6 | 12.2 25.6 43.8 0.650, 0.52, 6.6) 36.3) 0.212 | 0.115 | 0.630 
MZ-4 | 57.6 | 12.4 | 31.0 | 43.8 0.556) 0.79 9.9) 28.2; 0.215 | 0.172| 0.4% 
GL-1 | 77.2 | 41.1 | 53.8 67.2 10.724) 1.33) 15.7) 42.7; 0.532f, 0.203$, 0.553 
GL-2 | 77.2 | 16.1 | 24.7 | 34.3 [0.420] 0.85 22.3) 45.2) 0.209 | 0.289 | 0.585 Th 
JE-1 | 63.5 10.4 | 22.4 | 32.9 0.457) 0.72, 12.4) 31.7; 0.164 | 0.195 | 0.50 iN 
JE-2 | 63.5 11.4 | 26.9 38.4 0.500) 0.78 11.4) 29.2 0.180 | 0.179 | 0.460 = 
po ee: ene Ae a ee ee ee ..| 0.199 | 0.218 | 0.514 
£0.020 0.054 | 0.074 
. later Sint _ Se Leer rear | Su 
* This is the total nitrogen excretion during the first 24 hours of the experiment 
and was used to caleulate S and P by means of Equations 17 and 18. The values of 
S (gm. of N synthesized into protein per 24 hours) and P (gm. of N in the metabolic 
pool) were not materially changed when the average daily excretion was taken as £, 
Ex, Sz, and P,, are the values of 2, S, and P per kilo of body weight. In 
t The complete data for Ag/do (the fraction of N' fed which is excreted in the cond 
urine) are shown for two typical experiments in Tables I and II and Fig. 2. 
t Because of the high dietary nitrogen these values of EF, and S; were omitted 
from the average. The size of the pool did not vary appreciably on these high 
protein diets. 
Cr 


Equation 8 can now be employed to calculate the N™ concentration of the | Ve 
pool. 
The isotope concentration of the metabolic pool, Np, at any instant is 
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The average amount of N® present in the pool, \, from the time t = 4 to 


time t = & is 


ats to 
| ddt / Ny (e7 (B48) /PI) gy 
ti ty 
} A ee eee (10) 


3 
Pa ovine 
ti ty 


P 
—_————— _ }.,(g—-L(B+S) / Pt 
E+S8S sat ‘ ty 








to Rime eee ine (11) 
[e] (2 
: Pr = (e~ KB+S) /P)t1 — eg ((E+8) /P}t2) 
. E+S8 
ceMmenUES ~~ pices (12) 


The average N™ concentration of the pool, Np, for this interval is, there- 


fore, 


(e~ UB +S) /P} {(B+8) /P} ty) (13) 





—e@ 


N - 100 A = s gas 1009 a 
~~ P(e Bile ee &) 


The values for S and P can be estimated as follows: Let Ag be the amount 
of N“ excreted in milliequivalents. ‘Then 


A 
dz = P Edt (14) 


Substituting for \ from Equation 8, 


tng ro (elie ws 


Integrating and evaluating the constant of integration from the boundary 
condition \, = 0 at t = 0 yields 


Ng = Xo a3 (1 — e  Us+s) /P)t) (16) 


Comparison of Equation 1, which represents our data, with Equation 16 
reveals that 
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From the values of A, B, and £ for any particular experiment we cap 
evaluate Sand P. These values of S and P are given in Table III. We 
have also calculated E,, S;, and P, which are the values of EZ, S, and P 
per kilo body weight. 

If, as seems quite likely, urea is directly derived from the nitrogen of the 
metabolic pool, the isotope concentration of the urea formed at any instant, 
and its average isotope concentration over a period of time from {; to &, 
should be given by Equations 9 and 13 respectively. Using Equation 13 
and the values of E, S, and P, we have calculated the isotope concentra- 
tions to be expected in the urea and compared these values with those found 
in the urinary urea (see Table IV). They are in as good agreement as 























TABLE IV 
Average Isotope Concentration of Nitrogen Pool 
Ff Time after glycine feeding | Average Ni 12” cobenstsastieall 
Experiment No. : ~ mn oe urinary urea 

hrs. hrs. atom per cent excess atom per cent excess 

DS-2 0 3 0.129 0.100 

3 6 0.110 0.124 

6 9 0.094 0.106 

9 12 0.080 0.080 

12 21 0.059 0.061 

DR-2 0 3 0.152 0.127 

MZ-1 0 3 0.145 0.139 

3 7 0.120 0.108 

7 15 0.091 0.079 

15 24 0.060 0.057 

GL-1 0 3 0.128 0.123 

3 7 0.107 0.118 

7 14 | 0.080 0.104 








could be expected in view of the fact that urea, once formed, is not immedi- 
ately excreted. 

The values of S;, range from 0.043 to 0.352 gm. per day. Excluding 
Experiments MZ-1 and GL-1, in which E was unusually high, we find in 
those subjects who took their normal diet an average value for S; of 0.218 + 
0.054. Since the average protein nitrogen content of human tissue is 25 
gm. per kilo (6), this value of S; indicates a protein turnover of only 0.87 
per cent (0.218/25.0 X 100) per day. If the process is truly random, the 
half life time, ¢;, can be calculated from Equation 19 


kt, = In 2 = 0.693 (19) 
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where k is the fraction of protein degraded and resynthesized per day. For 
= 0.0087 the value of t; is equal to 80 days. 

Some tissues in the human organism have a much shorter half life time 
than 80 days. The serum proteins have a half life time of about 10 days.? 
There is another organ, the liver, which almost surely has approximately 
the same turnover time as the blood proteins (7). In a 70 kilo man con- 
taining 1750 gm. of protein nitrogen the plasma and the liver proteins 
account for 90 gm. of nitrogen (6). If the value of & of both tissues is 
taken to be 10 days, then the fraction of protein synthesized per day, caleu- 
lated from Equation 19, is 0.0693, and the daily rate of protein synthesis 
in these two organs is equivalent to 6.2 gm. of nitrogen (90 X 0.069). 
For a 70 kilo man the rate of protein synthesis is equivalent to 70 X 0.218 = 
15.3 gm. of nitrogen. These calculations indicate that almost half (41 per 
cent) of all protein synthesis in man is associated with liver tissue and 
plasma proteins. If, as is generally believed, the plasma proteins are syn- 
thesized in the liver, the latter organ accounts for nearly half of the protein 
synthesis in the entire organism. 

The proteins of the internal organs (spleen, heart, kidneys, intestine, 
testes) in the rat have values of ¢; close to that for the liver (8). It is likely 
that the same is true for the human. The nitrogen content of spleen, 
heart, kidneys, small intestine, pancreas, and endocrine glands in a 70 kilo 
man is approximately 60 gm. (6). Even if we assume an average value of 
4 = 20 days for these tissues, they would utilize 2.1 gm. (0.69/20 < 60) 
of nitrogen per day for protein synthesis. On this assumption, the proteins 
of liver, plasma, and other internal organs metabolize 8.3 gm. (6.2 + 2.1) 
of nitrogen per day. 

The remaining protein synthesis (equivalent to 15.3 — 8.3 = 7.0 gm. of 
nitrogen per day) must take place in the other tissues, 7.e., lung, brain, 
bone, skin, but chiefly in muscle. Since the total nitrogen of these tissues 
is 1750 — 150 = 1600 gm., and 7.0 gm. are turned over per day, k (the 
fraction of protein degraded and resynthesized per day) is equal to 7.0/ 
1600 = 0.0044 and & is therefore 158 days. It has previously been sug- 
gested that not all constituents of muscle of the rat have equal metabolic 
activities. Indeed it has been possible to fractionate the muscle proteins 
of rats fed labeled glycine into fractions of differing isotope concentrations 
(8). Let us assume that in the human the tissues having a t of 158 days 
are also metabolically heterogeneous and consist of two fractions: one of 
them, a, is metabolically active, having a turnover time equal to that of 
liver tissue (t; = 10 days), and the other fraction, 1 — a, is metabolically 


*Shemin, D., London, I. M., and Rittenberg, D., unpublished data. 
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nearly inactive, with an almost infinite turnover time (4; = ©). The 
metabolically active fraction, a, can be calculated as follows. 
If and /:; are the fractions of the active and inactive tissues turned ove; 
per day then 
hq (a) (1600) + k;(1 — «)(1600) = 7.0 " 


Since we have assumed & for the active and inactive components to be |f) 
days and infinite respectively, then / and k; are, from Equation 19, 0.0693 
and 0 respectively. By insertion of these values in Equation 20 a valye 
of 0.063 for @ is obtained. On the above assumption only about 6.3 per 
cent of the tissue proteins other than those of liver, plasma, and interna] 


TABLE V 
Rate of Protein Synthesis and Size of Nitrogen Pool in Rats on Diets of Various 
Nitrogen Content 


XE t 
; . | Casein Glycine o 
— Weight | content; E* | admin- |___ A* | Bt | S* p* Ex* | Sg* | Pye 
| of diet istered 0-24 | o-48 
hrs. hrs. | 
\ ~ | : | i = - 
| gm. | percent; gm. | mg. | gm. | gm. | gm. | gm. | gm 


| | | | 
8-31 | 250 | O (0.080, 25 0.18) 0.17,0.20/0.91)0.32 0.44! 0.32 1.28/1.76 


8-32 318 | O (0.095) 25 | 0.12 0.17,0.2010.91/0.38 0.52| 0.30| 1.20/1.64 


| | 


S-14t | 270 | 15 (0.305, 35 | 0.39 0.480..56)1.07|0.24, 0.51) 1.13] 0.89/1.89 

S-15$ | 200 | 50 (1.06) 50 | 0.65, 0.74/0.81/1.35)0.25 0.97] 3.66) 0.863.35 

S41 | 318 | 81 |1.60} 25 | 0.64) 0.80(0.87/1.3 |0.24! 1.421 5.03] 0.76/4.47 

s42 | 314 | 81 /1.68| 25 | 0.60 0.750.83'1.2 |0.34| 1.701 5.351 1.0815.4 
i | | | | | 








* FE = total nitrogen excretion per 24 hours; S = protein synthesized per 24 hours; 
P = nitrogen in metabolic pool. £;, S;, and Px are the same quantities per kilo 
of body weight. See the text for method of evaluation of constants A and B. 
tre = N*™ excreted; \» = N' fed = 4.36 microequivalents per mg. of glycine. 
t Average of two rats. 


organs is actively involved in the dynamic state. It is of course unlikely 
that only two fractions exist; it is more probable that a whole spectrum of 
activities occurs. More data than are here available are necessary for a 
further analysis of this problem. 

In the rat the values of S,; obtained on diets of varying nitrogen content 
ranged from 0.76 to 1.28 (see Table V), with an average value of 1.01. If 
we assume the nitrogen content per kilo of rat tissue to be 25 gm. and use 
S, equal to 1.01, then / (the fraction of protein degraded and resynthesized 
per day) is 1.01/25.0 = 0.04. By substitution of this value in Equation 19 
a value of t; = 17 days is obtained. In the rat, the value of t; for the pro- 
teins of liver, plasma, and internal organs is close to 6 days (8). The 
fraction of these proteins regenerated per day is, therefore, k = 0.693/t; = 
0.693/6 = 0.12. The proteins of liver, plasma, and internal organs contail 
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about 2.2 gm. of nitrogen per kilo of body weight. Thus 0.12 X 2.2 = 
0.26 gm. of nitrogen per kilo is employed daily by these tissues for the 
eynthesis of protein. The remainder, 1.01 — 0.26, or approximately 0.75 
mm. of nitrogen, must be accounted for by protein synthesis in the carcass 
(muscle, skeleton, lung, brain, and skin). Since 25.0 — 2.2 = 22.8 gm. of 
nitrogen per kilo of body weight is in carcass protein, the fraction regener- 
ated per day is k = 0.75/22.8 = 0.033. The half life time of carcass pro- 
teins is ; = 0.693/0.033 = 21 days. 

If, as for the case of the human, we assume that carcass protein consists 
of two fractions, one of which, a, has a turnover time equal to that of liver 
proteins (ty = 6 days) and the other (1 — a) has a turnover time of nearly 
infinity (ty = ©), then from Equation 20 


22. 8akq + 22.801 — ak; = 0.75 
where k, and k; are equal to 0.12 and 0 respectively; and 


0.75 
“398x012. 
On this crude assumption, about 28 per cent of carcass protein is involved 
in the dynamic state and 72 per cent is unreactive. 

It is apparent that the rat and the human are quite different in their 
rates of protein rejuvenation. The original observations of the extreme 
instability of the cellular proteins (1), which gave rise to the concept of the 
dynamic state, are more typical of the rat (t; = 17 days) than of the human 
(4 = 80 days). While the proteins of the internal organs, both in the rat 
and the human, are extensively involved in the dynamic state, this appears 
to be far less so for the muscle proteins. A large fraction of the muscle 
proteins of the rat and an even larger fraction in man seem to be relatively 
metabolically inert. 

The approach to problems of protein turnover exemplified in this study 
offers a sounder basis than has heretofore been available for the study of 
nutritional and endocrine relationships. By the use of these methods it is 
possible to assess a dietary deficiency (e.g., an amino acid or vitamin 
deprivation) or an endocrine disturbance in terms of its direct effect on the 
rate of protein synthesis and the size of the nitrogen pool. 


EXPERIMENTAL 


Glycine labeled with 32.9 atom per cent excess N was synthesized from 
isotopic ammonia (11). 

The isotopic glycine was given to the human subjects by mouth in a 
single dose at a level of 10 mg. per kilo of body weight. It was adminis- 


* Approximately this value has been found in our laboratory (1, 5, 8-11). 
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tered to rats by stomach tube at a level of 80 to 170 mg. per kilo of body 
weight. 

Urine specimens were collected at various intervals and analyzed fo; 
total nitrogen and N'. From the data the fraction of N™ excreted was 
calculated (see Tables I, II, III, and V). The N*® concentration of the 
urine was determined by the method described in the preceding paper (12), 
Urea nitrogen was obtained as ammonia by treating diluted urine, from 
which ammonia had been adsorbed with permutit, with urease. 

The rats were given diets of the following percentage composition: loy 
protein diet, starch 83, brewers’ yeast 5, salt mixture (13) 4, cottonseed oil 
(Wesson oil) 6, cod liver oil 2. The 15 and 50 per cent casein diets were 
prepared by replacing starch with casein. In the high protein diet the 
starch was replaced by 81 per cent casein and 2 per cent Celluration (Eimer 
and Amend). 


SUMMARY 


The rate of interaction of N'*-labeled glycine with the body proteins has 
been measured in rats and human subjects. From these data it is possible 
to calculate the rate of protein synthesis and the size of the nitrogen pool, 
The rates of protein synthesis per kilo of body weight are 1.0 and 0.20 gm. 
of nitrogen per day for the rat and human respectively. 

From the approximately known turnover times of the different organs 
and the synthetic rates for the whole organism, it appears that only a frae- 
tion of the muscle proteins is extensively involved in the dynamic state. 


We are indebted to Miss L. Ponticorvo and Mr. I. Sucher for technical 
assistance and to some of our colleagues for serving as human subjects in 
this study. 


BIBLIOGRAPHY 


. Schoenheimer, R., Ratner, 8., and Rittenberg, D., J. Biol. Chem., 130, 703 (1939). 
. Rittenberg, D., and Schoenheimer, R., Physiol. Rev., 20, 218 (1940). 
. Bloch, K., J. Biol. Chem., 165, 469 (1946). 


ne 


ore 


. Ratner, S., Rittenberg, D., Keston, A. S., and Schoenheimer, R., J. Biol. Chem. 
134, 665 (1940). 


6. Vierordt, H., Anatomische, physiologische, und physikalische Daten und Tabel- 


len, Jena (1906). 


7. Schoenheimer, R., Ratner, 8., Rittenberg, D., and Heidelberger, M., J. Biol. 


Chem., 144, 541 (1942). 
8. Shemin, D., ahd Rittenberg, D., J. Biol. Chem., 153, 401 (1944). 


9. Ratner, S., Schoenheimer, R., and Rittenberg, D., J. Biol. Chem., 134, 653 (1940). 


10. Tesar, C., and Rittenberg, D., J. Biol. Chem., 170, 35 (1947). 

11. Schoenheimer, R., and Ratner, 8., J. Biol. Chem., 127, 301 (1939). 
12. Sprinson, D. B., and Rittenberg, D., J. Biol. Chem., 180, 707 (1949). 
13. Osborne, T. B., and Mendel, L. B., J. Biol. Chem., 16, 311 (1913). 





. Bloch, K., Schoenheimer, R., and Rittenberg, D., J. Biol. Chein., 138, 155 (1941). 





ST 


(F 


mac 
pher 
witl 
hav 
tain 
tran 


mer 
cred 
phe 
forr 


the 
typ 
sult 
one 


rer 


(se 
ver 
of 1 


(6) 


the 


He; 


par 
Fac 


des 





ere 
the 


ans 


ical 
3 in 


J<) 


em. 


bel- 


iol. 


40). 














STUDIES ON THE DESOXYPENTOSE NUCLEASE OF YEAST 
AND ITS SPECIFIC CELLULAR REGULATION* 


By STEPHEN ZAMENHOFY anp ERWIN CHARGAFF 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, April 19, 1949) 


Although the enzymatic cleavage of the desoxypentose nucleic acid 
macromolecules of the cell nucleus probably is an important biological 
phenomenon, nothing is known about the mechanisms which regulate it 
within the cell. While such a regulatory mechanism does not appear to 
have been postulated previously, its existence may be inferred from cer- 
tain experimental observations. For instance, the agent inducing the 
transformation of pneumococcal types is regarded as a specific desoxypen- 
tose nucleic acid (1) that is extremely sensitive to the action of depoly- 
merizing enzymes; it is destroyed on contact with minute amounts of pan- 
creatic desoxyribonuclease (2) or with a similar enzyme present in the 
pheumococcus itself (3). Yet, this nucleic acid is able to exert its trans- 
forming effect on the living cell. 

It is obvious that if cells possess controlling devices for the growth and 
the cleavage of the desoxypentose nucleic acid molecules, several different 
types of control could be operative. The present study, some of the re- 
sults of which have been reported in a brief communication (4), deals with 
one instance, namely the regulatory mechanism of the yeast cell. 


EXPERIMENTAL! 
Measurement of Enzyme Activity 


Substrate—A highly polymerized preparation of DNA from calf thymus 
(see (5), Preparation 3) served as the substrate. A standard solution in 
veronal buffer of the appropriate pH contained 2.4 mg. of DNA and 5 um 
of magnesium per cc. In some experiments a DNA preparation from yeast 
(6) also was employed. 

Methods of Measurement—DNase activity was measured by following 
the drop in viscosity of the substrate solution, incubated with the enzyme 


* This work has been supported by a research grant from the United States Public 
Health Service. 

+ This report is from a dissertation to be submitted by Stephen Zamenhof in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy in the 
Faculty of Pure Science, Columbia University. 

‘For the sake of brevity, desoxypentose nucleic acid will be referred to as DNA, 
desoxypentose nuclease as DNase. 
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at 30° in the viscosimeter. A micro viscosimeter (Otto R. Greiner Com. 
pany, Newark, New Jersey) of the Ostwald type was employed (water value 
19 seconds), which permitted the use of as little as 0.35 cc. of fluid. The 
mixture of 0.25 cc. of substrate and 0.1 cc. of enzyme (both prewarmed to 
30°) was introduced into the viscosimeter by means of a capillary pipette 
and the viscosity determined at frequent intervals. These intervals were 
recorded as the time elapsed between the addition of the enzyme (zero 
time) and the moment when, in each viscosity measurement, the liquid had 
reached the half way point between the viscosimeter marks. When, as 
was the case with active enzyme preparations, high enzyme dilutions had 
to be employed, the solutions were stabilized by the addition of gelatin (7) 
which was present in a final concentration of 0.01 per cent in the enzyme- 
substrate mixtures. 

Unit of Enzyme Activity—The DNase unit defined by McCarty (7) was 
adopted in the present work. In order to correct for differences in the 
viscosimeters used, a purified preparation of pancreatic desoxyribonuclease’ 
(10,000 units per mg. of protein) (7) was used as a standard in all determi- 
nations. 

The protein content of the DNase preparations was estimated by a modi- 
fication of the method of Robinson and Hogden (8). 


Measurement of Inhibitor Activity 


The activity of the DNase inhibitor preparations was expressed as per 
cent of DNase inhibition. To 0.25 cc. of the substrate solution 0.1 ce. of 
a mixture of equal volumes of enzyme and inhibitor solutions was added 
and the viscosity changes were recorded as described before. Controls 
in which the inhibitor solution was replaced by water were run simul- 
taneously. 


Preparation of Yeast Desoxypentose Nuclease 


The extract with m sodium chloride solution of the cell débris prepared 
from ground yeast includes, as shown in a preceding paper from this labora- 
tory (6), a highly polymerized DNA. The same extract also contains a 
DNase in a largely inhibited state from which it is released gradually on 
storage at 4°. Aqueous extracts of the crushed cells exhibited practically 
no DNase activity, nor could the latter be detected in autolysates of in- 
tact yeast. 

In a typical preparation, 350:gm. of fresh bakers’ yeast (Saccharomyces 
cerevisiae) were washed with water and the centrifuged cells were suspended 
in 60 cc. of water and crushed in the bacterial mill (6). Following this 


2 We are grateful to Dr. M. McCarty of the Rockefeller Institute for this prepara- 
tion. 
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operation, the mixture was centrifuged for 2 hours at 1900 X g (4000 
p.p.M.). The opalescent supernatant (135 cc.) served for the preparation 
of the inhibitor described later. The débris layer was suspended in 300 
ec, of M sodium chloride solution and the viscous mixture (500 cc.) kept 
at 4° for 4 months, during which period the viscosity disappeared com- 
pletely. Repeated assays for DNase activity showed the extract to con- 
tain only 0.6 unit per cc. during the first 2 weeks of storage; after 19 days 
it had 17 units, after 52 days 25 units, and after 90 to 120 days 30 units 
per cc. 

The supernatant resulting from the centrifugation of the mixture at 
1900 X g for 1 hour was subjected to a rocking dialysis against ice-cold 
distilled water for 4 hours and then evaporated in the frozen state in a 
vacuum. The solution of the evaporation residue, which still contained 
salt, in 30 cc. of water was clarified by centrifugation at 31,000 X g for 2 
hours and ammonium sulfate was added to the yellow supernatant to bring 
it to 0.6 saturation. The resulting precipitate was collected by centrifuga- 
tion at 31,000 X g and drained by suction (Whatman filter paper, No. 50). 
Its suspension in 45 cc. of water was dialyzed, with rocking, against ice- 
cold distilled water for 7 hours and centrifuged at 31,000 X g for 1 hour. 
The sediment was washed with water and then extracted with 30 cc. and 
again with 12 ec. of m sodium chloride solution. The combined extracts 
were Clarified (31,000 < g, 1 hour), dialyzed (6 hours), and dried in 
a vacuum from the frozen state. The DNase preparation weighed 27 
mg. and formed a slightly yellowish fluff that was insoluble in distilled 


water and soluble in salt solutions. This experiment is summarized in 
Table I. 


Preparation of Crude Yeast Protease 


In order to test the assumption that the gradual activation of yeast 
DNase on storage was due to the removal of an inhibitor of protein nature, 
it was found advisable to examine, among other enzymes, a proteolytic 
enzyme preparation derived from yeast itself. Procedures described in 
the literature (9) were not successful in our hands, but a crude preparation 
could be obtained in the following manner. A fresh suspension of the débris 
layer from crushed yeast cells in m sodium chloride solution was prepared 
as described before, and 70 cc. of the mixture were kept at 4° for 3 weeks. 
The supernatant collected after centrifugation at 1900 X g for 90 minutes 
was subjected to a rocking dialysis against ice-cold distilled water for 6 
hours. The solution (protected by 0.002 per cent ethyl mercurithiosalicyl- 
ate) was kept at 26° for 15 hours in order to destroy DNase, and then evap- 
orated from the frozen state in a vacuum. The dry preparation weighed 
880 mg. and was tested on gelatin by the method of Northrop and Hussey 
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(10). This material in a final concentration of 6 mg. per cc. at pH 5 re. hibit 
duced the viscosity of the gelatin solution by 5 per cent in 186 seconds, mert 
Crude Desoxypentose Nuclease from Various Sources = 
Neurospora crassa was grown on Difco malt extract broth. The washed mon. 
mycelium (dry weight 3.7 gm.) was crushed in 140 ce. of water by means juste 
of a high speed mixer. Following centrifugation for 1 hour at 1900 X 4g, the tion 
supernatant was subjected to a rocking dialysis against ice-cold distilled and 
water for 6 hours and evaporated in the frozen state in vacuo. The pov- agail 
der (1.4 gm.) contained 63 DNase units per mg. of solid. evap 
disce 
tr TaBLe [| 
L } : Preparation of Yeast Desoxypentose Nuclease 
C* me ae! | rota | Activity | Activity A 
C) Step No. | Fraction | Amount | activity | "sl per me - s 
r Pr Tee, OETE bg bal ee op owe ; eT" yeas 
. i b | units | units units pens 
+ 1 | Yeast cake, washed and crushed; | 350 gm. | | | ture 
.. | débris layer extracted withm | | | infus 
C. | NaCl | | | satu 
= 2a | m NaCl extract, fresh 500 ec. | 300) ge 
Pa 2b | eer wiee “ after 4 mos. at 4° | 500 “ | 15,200 | | : 
“ 3 | Activated extract, dialyzed and | 15 gm. | 15,000 | 1 14 was 
aw | dried | | | arhg 
Li 4 | Solution of dry powder precipi- | 57 cc. | 10,200 ° 12¢ 
Pe | tated at 0.6 saturation with | in tl 
~) | (NH,)2SO,; ppt. redissolved and | | | 
fe wen | dialyzed | 
tr 5a | Dialyzed mixture centrifuged; 
ah od | supernatant (discarded) | & * | 420 | A 
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A powerful malt DNase was obtained by the aqueous extraction of 4 as 8 
day-old germinating barley seeds ground with glass powder, or, more con- |, It 
veniently, from commercial malt diastase (Eimer and Amend, New York). mg 
An extract of 10 gm. of the product with 50 ec. of water was clarified by ri 
centrifugation, dialyzed for 7 hours against ice-cold distilled water, and again trat 
centrifuged. The supernatant, evaporated in the usual fashion, yielded — 
350 mg. of a substance having 300 DNase units per mg. of solid. +” 
» Even with calf thymus, indications of the existence of a DNase were ob- tione 
tained. 1 kilo of the fresh tissue was cleaned, washed, and ground in 4 
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hibited no DNase activity. The mixture (containing 0.002 per cent ethy] 
mercurithiosalicylate) then was kept at 4° for 3 weeks and centrifuged at 
1900 X gfor 1 hour. The clear supernatant (1270 cc.) was brought to pH 
4.5 by means of 0.25 N sulfurie acid and to 0.2 saturation with solid am- 
monium sulfate, filtered through infusorial earth, and the filtrate was ad- 
justed to 0.8 (NH,)2SO, saturation. The sediment, removed by centrifuga- 
tion at 1900 X g for 1 hour, was well drained on filter paper with suction 
and dissolved in 50 cc. of water. The solution was dialyzed for 7 hours 
against ice-cold distilled water, clarified by centrifugation, frozen, and 
evaporated. The almost white, fluffy powder (3.3 gm.) had a weak, but 
discernible DNase activity, 0.5 unit per mg. of solid. 


Preparation of DNase Inhibitor from Yeast 


As mentioned in a preceding section dealing with the preparation of 
yeast DNase, the yeast cells (350 gm.) were crushed by passing their sus- 
pension in water through the bacterial mill. Centrifugation of the mix- 
ture yielded an opalescent supernatant (135 cc.) which was filtered through 
infusorial earth. The almost clear, yellow filtrate was brought to 0.84 
saturation with solid ammonium sulfate. Following centrifugation for 1 
hour at 1900 X g, the solution of the drained sediment in 42 cc. of water 
was dialyzed with rocking against ice-cold distilled water for 7 hours, fil- 
tered through infusorial earth, frozen, and evaporated in a vacuum, when 
1.2 gm. of loose white flakes were obtained. All operations were performed 
in the cold and within 2 days. 


Properties of Purified Yeast Desoxypentose Nuclease 


Activity—The purified yeast DNase had, as shown in Table I, an activity 
of 1250 units per mg. of protein. It produced, even in high dilutions (less 
than 2 y of protein per cc.), a rapid drop in the viscosity of thymus DNA 
(Curve A, Fig. 1). No proteolytic, desoxypentose nucleotidase, or ribo- 
nuclease activities were demonstrable in the yeast DNase when as much 
as 80 y of protein per cc. was employed.’ 

It appeared, in this connection, of interest to compare the depolymeriz- 
ing effects of yeast DNase on the DNA from its own species (yeast) and 
on the DNA from a foreign source (calf thymus). The results are illus- 
trated in Fig. 2, which shows the absence of species specificity in this re- 
spect; both nucleic acids were depolymerized at about the same rate. 


*The yeast DNase was assayed for proteolytic activity by the previously men- 
tioned method (10). The failure to produce inorganic phosphate from thymus DNA 
and dialyzable fragments from yeast ribonucleic acid indicated the absence of nucleo- 
tidase and ribonuclease respectively. 
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Comparison with Pancreas DNase—-\n some respects, the yeast DNage 





resembled the DNase of pancreas (7, 11). It required, for instance, mag. Th 
nesium ion for activation and it was labile to heat; the activity was com. 2M 
pletely destroyed when the enzyme solution was kept at 55° for 15 min. 
utes. But there were several important features which distinguished jt 
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salt solutions. This may be deduced even from the method of prepara- 
tion of the enzyme (Table I, Steps 5a and 5b). 9 
Another distinction between the two enzymes becomes evident from a 


comparison of their pH optima as it is provided in Fig. 3. The activity | s 
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The most significant difference between the two enzymes arose, however, 
from the discovery in yeast of a specific inhibitor of the yeast DNase which 
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Fig. 2. The specific viscosities of mixtures of yeast DNase with solutions of yeast 
DNA (Curve A) and calf thymus DNA (Curve B) are plotted as the ordinate; abscissa 
as in Fig. 1. The mixtures contained, in addition to 2 units of yeast DNase and 
3 um of Mg per cc. of veronal buffer (pH 6.6), 1.2 mg. of yeast DNA (Curve A) or 
0.9 mg. of calf thymus DNA (Curve B). 
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Fie. 3. The activities of yeast DNase (Curve A) and pancreatic DNase (Curve B) 
are plotted, in per cent of maximum activity, as the ordinate. The abscissa indicates 
the pH of the mixtures of substrate, enzyme, and buffer. All other conditions were 
the same as for Curve A in Fig. 1. 


failed to act on the pancreatic enzyme. This inhibitor is discussed in the 
following section. 
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Properties of DNase Inhibitor from Yeast 


Activity—The DNase inhibitor present in aqueous extracts of crushed 
yeast cells caused up to 94 per cent inhibition of the yeast DNase activity. 
A typical experiment is reproduced as Curves A and B of Fig. 1. 

The inhibitor did not suppress the activities of purified pancreas DNase 
(7) and of the crude DNase preparations, described before, that were 
derived from Neurospora crassa, germinating barley, and calf thymus, 
When the yeast inhibitor was added to a mixture of the DNases from yeast 
and pancreas, the combined enzymatic activity dropped to the level of the 
pancreas DNase alone, thus indicating that of the mixture of DNases only 
the yeast DNase activity had been suppressed (Fig. 4). 

Properties—A comparison of Curves B and C in Fig. | will show that 
the entire inhibitory activity of fresh aqueous extracts of crushed yeast 
cells remained in the supernatant after centrifugation at 31,000 X q for 
150 minutes. The lipoprotein pellet, sedimenting at this centrifugal speed, 
was devoid of inhibitor activity. 

The inhibitor was labile to heat; less than 5 minutes at 55° was sufficient 
to destroy the activity. It was inactivated by crystalline trypsin, by ficin 
(Merck), and by the proteolytic enzyme from yeast previously described, 

These inactivation experiments were conducted by incubating 2 ce. of 
the inhibitor solution (either as the fresh aqueous extract of crushed yeast 
or as a 1.5 per cent solution in water of the dry preparation of the inhibitor 
previously discussed) at 30° with 0.25 ec. of solutions of the various pro- 
teolytic enzymes. The incubation periods required for the complete in- 
activation of the DNase inhibitor were the following (the protease concen- 
tration in the final incubation mixture given in parentheses): ficin (67 
mg. per cc.), 3 to 43 hours; crystalline trypsin (0.5 mg. per ce.), 3} to 5} 
hours; yeast protease (13 mg. per cc.), 5} to 6 hours; control (without pro- 
teolytic enzyme), 163 to 20 hours. In order to test for the survival of the 
inhibitor, a portion of the incubation mixture was, after various intervals, 
added to an equal volume of fresh yeast DNase (8 units per cc.) and the 
DNase activity determined as described above. In the experiments with 
trypsin it was found expedient to inactivate the proteolytic enzyme by 
the addition of an excess of the crystalline trypsin inhibitor from soy bean 
(12)* before testing the mixture‘on DNase, so as to protect the latter enzyme 
from tryptic digestion. An adequate number of controls was run to a 
certain that neither the proteolytic enzymes nor the soy bean inhibitor had 
any DNase or DNase inhibitor activity. 

The DNase inhibitor, therefore, appears to be a water-soluble, rather 
labile protein, precipitable with ammonium sulfate at 0.84 saturatiou. 


‘We are greatly indebted to Dr. M. Kunitz for this preparation. 
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The inactivation of inhibitor solutions on storage at 30° for about 20 hours 
oat 4° within 2 to 4 weeks probably is attributable to the presence of the 

shed yeast protease mentioned before. 
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shows that with increasing inhibitor concentrations the percentage of jp. 
hibition asymptotically approaches a value somewhat below 100 per cent, 
It is likely that, even with large amounts of inhibitor, no complete inhibj. 
tion could be attained. This agrees with the finding reported before that 
fresh mM NaCl extracts of crushed yeast exhibited a slight DNase activity, 
about 2 per cent of the total obtainable activity (Step 2a, Table I), 

The relationship between inhibition and substrate concentration algo 
was studied. When the action of the inhibitor was expressed as the ratio 
V:V;, where V is the velocity of the viscosity drop for the non-inhibited 
DNase and V; that for the 87 per cent inhibited enzyme, a practically con- 
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Fia. 5. The percentage of inhibition of yeast DNase (ordinate) is plotted against 
the inhibitor concentration (abscissa). Other experimental conditions as in Fig. |, 
except that the solid inhibitor preparation was used. 


stant ratio was found over a range of substrate concentrations (thymus 
DNA) from 0.85 to 1.75 mg. per cc. This suggests that the inhibition is 
non-competitive. 
DISCUSSION 
The purpose of the present study is not only to add one more instance 
of the occurrence of enzymes able to degrade highly polymerized desoxy- 


pentose nucleic acids, but to provide a clue, even though incomplete and 
rudimentary, to the mechanisms by which these enzymes are controlled 
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in the cell. To gain an insight into the ways in which the cell maintains 
its own continuity and protects itself against agents attempting to trans- 
form it will require an understanding of many systems, of which the present 
example, perhaps, is one. 

A study of the enzymes through which the cell achieves the breakdown 
of the large molecules of desoxypentose nucleic acid offers, in this connec- 
tio, much interest. The existence of such enzymes has been known since 
the work of Araki (14). They occur in a variety of mammalian tissue ex- 
tracts (14-16), in eggs (17), in plants (15, 18), and in microorganisms (3, 
19-21). It is, in fact, likely that they are ubiquitous cell constituents, 
either in a free or in a masked form. Many of these reports dealt with 
crude extracts or bacterial cultures that required relatively long incubation 
periods, in order to reveal the enzyme. But one mammalian depolymer- 
ase, the pancreatic desoxyribonuclease, has been highly purified (7) and 
obtained in crystalline form (11). A recent note from this laboratory re- 
ported on the products of its action on the desoxyribonucleic acid of calf 
thymus (22). 

Whether the depolymerase present in large quantities in pancreatic 
juice, whose function probably is primarily digestive, may be compared 
with the intracellular enzymes of the type discussed here cannot yet be 
stated. It is not unlikely that the latter represent a functionally and 
chemically distinct group of enzymes, possibly endowed with a high de- 
gree of specificity. It was, in fact, this question of specificity that led 
to the investigations reported here, though the results were unexpected. 

The possibility of the existence of specific chemical differences between 
the macromolecular desoxypentose nucleic acids of different cellular origin 
has been discussed elsewhere (23, 24). That very remarkable differences 
do exist was recently shown in this laboratory (5, 25). Such divergence, 
whether with respect to proportion, sequence, or nature of the component 
nucleotides, is in harmony with the hypothesis connecting nucleic acids 
with the transmission of hereditary characteristics. The transformation 
experiments of Avery and his associates were cited at the beginning of this 
paper (1-3). Another impressive example was provided recently by Boi- 
vin et al. (26) who showed that the absolute quantity of desoxypentose 
nucleic acid was constant per bovine nucleus, regardless of the tissue 
from which it came, with the exception of spermatozoa which contained 
about one-half. 

If, as is probable, the highly polymerized desoxypentose nucleic acids 
are an essential part of the hereditary processes, their duplication may be 
assumed to be a necessary, perhaps even the first, step preparatory to the 
division of the cell. Since, however, the synthetic mechanisms by which 
the cell achieves the formation of the nucleic acid macromolecules are as 
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yet unknown, it cannot be said whether degradation, as studied ‘here, and 
synthesis proceed by similar routes. But it is, in any event, probable that 
the enzymatic depolymerization represents the first catabolic step. It 
has been shown that phosphatases, whose occurrence in the nucleus jg jp. 
dicated by histochemical evidence (27-29), are unable to attack desoxy. 
pentose nucleic acid before its depolymerization to smaller fragments (28 
30, 31). 

The experiments presented here have demonstrated the existence jp 
yeast cells of a desoxypentose nuclease that is found in a largely inhibited 
state in fresh salt extracts of the crushed cells. Two points deserve men- 
tion in this connection. The desoxypentose nuclease of yeast apparently 
never is completely inactive in the cell, nor can it be entirely inactivated 
even by large amounts of the inhibitor (Fig. 5). The cell fraction that 
contained the desoxyribonucleic acid of yeast (6), namely the débris layer, 
also was found to contain practically the entire amount of depolymerizing 
enzyme. This finding is in agreement with the assumption that the nucleus 
is the probable site of the depolymerizing enzyme (17). 

The present studies have, furthermore, provided indications that yeast 
desoxypentose nuclease differs, in many important respects, from the 
desoxyribonuclease of pancreas. Its solubility and pH optimum are dif- 
ferent and, more significantly, it is specifically inhibited by an agent found 
in yeast cells. This inhibitor, a water-soluble, heat-labile protein whose 
action on the yeast depolymerase was instantaneous, non-competitive, and 
reversible, failed to suppress the activity of depolymerizing enzymes from 
other sources, viz., pancreas, thymus, germinating barley, and even Neuro- 
spora. The yeast enzyme depolymerized the desoxyribonucleic acids of 
yeast and of thymus at about the same rate (Fig. 2). Since these com- 
pounds have been shown to differ significantly with regard to their purine 
and pyrimidine composition (5, 25), the measurement of the viscosity drop 


apparently is not a tool sufficiently sensitive to reveal specific chemical dif- | 


ferences between nucleic acids derived from different species. 


The problem of intracellular desoxypentose nucleases is closely connected | 


with the problem of the regulation of their action within the cell. Desoxy- 
pentose nucleic acids appear to occur in the cell in a highly polymerized 
form; there are indications that depolymerization results in the loss of bio- 
logical activity (2). The cell must, therefore, be endowed with a regula- 
tory system to prevent a rapid depolymerization to the non-functional 
stage. Such controls could be conceived as being mediated by a number 
of mechanisms, e.g., the existence of a specific inhibitor, as postulated here, 
the maintenance within the cell of conditions (e.g., pH) detrimental to the 
enzymatic reaction, and the spatial separation within the cell of enzyme 
and substrate. 
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On the basis of the work presented here, the following sequence of auto- 
lytic reactions, possibly held in a delicate balance in the living yeast cell, 
could be formulated: (a) activation of yeast protease (9); (b) digestion of 
the desoxypentose nuclease inhibitor; (c) liberation of active desoxypentose 
nuclease; (d@) depolymerization of desoxypentose nucleic acid. It would 
be inviting to assume that such relations between specific inhibitor and 
enzyme, in some ways reminiscent of immunological reactions, are of more 
general biological occurrence; however, much more work will have to be 
done before this can be said. It may very well be that this is a case in 
which the universality of a phenomenon is obscured by the multiplicity of 
its appearances. 


SUMMARY 


The isolation from yeast cells of a desoxypentose nuclease (DNase) and 
of its specific inhibitor is described. The fresh m NaCl extract of crushed 
yeast contains the enzyme in a largely inhibited state. Upon prolonged 
storage of the extract in the cold, the active DNase is released, owing to 
the destruction by yeast protease of the inhibitor. The yeast DNase 
inhibitor specifically inhibits yeast DNase; it does not affect the DNase 
from other sources, viz. pancreas, thymus, germinating barley, Neurospora 
crassa. It is shown that yeast DNase differs in many respects from the 
pancreatic enzyme. The preparation and properties of the various yeast 
fractions taking part in these reactions are described and some of the bio- 
logical implications of these findings are discussed. 
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ON THE LIPOPROTEIN PARTICLES OF YEAST CELLS* 


By MELVIN A. NYMAN?{ ano ERWIN CHARGAFF 
(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, April 19, 1949) 


In connection with studies on macromolecular lipoproteins in which 
this laboratory has been engaged for some time, it appeared of interest to 
examine a representative of this class of compounds derived from a micro- 
bial source. For this purpose Saccharomyces cerevisiae was chosen. The 
preparation of the starting material, crushed yeast cells, followed methods 
previously employed (1, 2); the procedures for the isolation of the lipo- 
protein were essentially similar to those used for the preparation of the 
thromboplastic protein and other lipoproteins from animal tissue cells 
(3-5). 

EXPERIMENTAL 
Preparation! 


In a typical experiment, 400 gm. of washed bakers’ yeast were sus- 
pended in 100 cc. of 0.1 m sodium citrate solution (pH 6.9) and crushed 
in a bacterial mill (6), constructed by Unicam Instruments, Ltd., Cam- 
bridge, England, as described previously (1). The ground material, di- 
luted to a light suspension with additional sodium citrate solution, was 
centrifuged for 45 minutes at 1900 X g. The supernatant (360 cc.) 
was poured through a rapid filter and the filtrate subjected to centrifuga- 
tion at 31,000 X g for 105 minutes by means of the multispeed attach- 
ment of the refrigerated International centrifuge. The suspension of the 
sediment in 0.1 mM borate buffer (pH 7.4) was centrifuged at 31,000 x g 
for 90 minutes and this washing was repeated twice until the supernatants 
were free of protein. Centrifugation of the borate buffer suspension of 
the pellet at 5000  g for 20 minutes removed a small fraction of coarse 
aggregates which were washed once more under the same conditions. 

The combined supernatants from the centrifugation at 5000 X g were 
subjected to dialysis against running and ice-cold distilled water for a 
total of 72 hours and freed of water in a vacuum in the frozen state. The 
resulting lipoprotein preparation is listed as Preparation 1 in Table I. 
The coarse aggregates that sedimented at 5000 X g, but not at 1900 xX g, 


* This work was supported by a grant from the American Cancer Society on the 
recommendation of the Committee on Growth of the National Research Council. 

t Present address, Sloan-Kettering Institute for Cancer Research, New York. 

‘ All operations were carried out in the cold. 
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were recovered in a similar fashion; they amounted to only 0.07 per cen 
of the starting material and were not further examined. 

Two other preparations (Nos. 2 and 3) were obtained in an eggep, 
tially similar way. For the isolation of Preparation 3, derived from , 
larger quantity of crushed yeast cells, the solution of the particles, after 
the removal of the débris at 1900 X g, was passed through a cooled Sharp. 
les Laboratory supercentrifuge, rotating at 50,000 r.p.m., at the rate of 19 
cc. per minute. ‘The sediment then was treated as described before. 


Properties 


The preparations formed almost white fluffs, easily dispersible in buffe 
solutions. The microscopic examination of smears treated with Feulgen’s 
nucleal stain revealed a small number of red bodies similar to the chromo. 
some-like structures demonstrable by the same stain in intact yeast cells, 


TABLE I 


Composition of Yeast Lipoprotein Particles 





Intact lipoprotein Lipide-free residue 

















Preparation No. |____ a : = J Lipides 
| Yield | N P | N | P 
per cent I per cent | per cent | of f; _ cin| Per coms | per cent | oy Spctrddl 
1 | ° - | : ; | 1.4 | | Ba. |}) 48 26 
2 a 1.2 | 76 | MOa. dl 22 
3 | 1.3 71 4 12.2 | 1.0 24 
| he 








The composition of the preparations is summarized in Table I. The | 


variation in yields is probably attributable to differences in the extent 
to which the cells had been crushed before extraction. 

The electrophoretic properties? of two preparations were examined in 
borate buffer of pH 8.4. Preparation 1 (Table I) was almost homoge- 
neous; a component, comprising about 95 per cent of the total, had a mo- 
bility (descending boundary) of —7.5 X 10-5 em. volt~! sec.-'; a minor 
fraction (5 per cent) had the mobility of —5.4. The corresponding com- 
ponents of Preparation 2 had mobilities of —7.1 (about 80 per cent) and 
—6.1 (20 per cent). The area estimations are only approximate, since the 
fast moving major components were opaque even to infra-red light. 

Preparation 1 was tested for thromboplastic activity in the arrangement 
described previously (4), but none was found. The preparations were 
likewise devoid of ribonuclease. 


? We are greatly indebted to Dr. D. H. Moore for these experiments. 





lipo 
mg, 


of | 
tail 
33. 
of 
der 
duc 
tru 


tail 
lipi 





cent 


Ssen- 
Om 4 
after 
harp- 
of 16 





buffer 
Igen’s 
romo- 
; Cells, 


ipides 


er cent 

i poprotein 
26 
22 
24 


The | 
extent | 


ned in 
moge- 
| a mo- 
minor 
g com- 
it) and 
nce the 
nt. 
gement 
is were 





M. A. NYMAN AND E. CHARGAFF 743 


Lipides 

For the extraction of lipides the lipoprotein preparations were heated 
for 24 hours under a reflux in a nitrogen atmosphere with a mixture of 
equal parts of ethanol and ether (10 ce. of liquid per 100 mg. of substance). 
The protein residue was removed by centrifugation, washed repeatedly 
with aleohol-ether, and dried in vacuo. The evaporation residue of the 
extract was dissolved in ether, shaken with aqueous 10 per cent sodium 
chloride, and the lipides were then recovered in the usual manner. The 
composition of the lipide-free residues and the quantities of isolated 
lipides are indicated in Table I. 
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Fic. 1. Ultraviolet absorption spectrum of the unsaponifiable fraction of yeast 
lipoprotein particles. 4.1 mg. of the unsaponifiable fraction, corresponding to 14.6 
mg. of total lipides, in 50 ec. of absolute ethanol. Thickness of absorbing layer, 1 em. 


The total lipides obtained from Preparation 1 could be separated into 
12 per cent of a phosphatide fraction insoluble in acetone and 84 per cent 
of acetone-soluble fat. Preparation 3 yielded a total lipide fraction con- 
taining N 0.52, P 1.5 per cent; the iodine value was 131, the acid number 
33.4 (calculated as palmitic acid). The ultraviolet absorption spectrum 
of 4.1 mg. of the unsaponifiable fraction (in 50 cc. of absolute alcohol), 
derived from the saponification of 14.6 mg. of the total lipides, is repro- 
duced as Fig. 1. It is in very good agreement with the absorption spec- 
trum of ergosterol (7). When the extinction measurements of Hogness 
é al. (7) are taken into consideration, the unsaponifiable fraction con- 
tained 2.8 mg. of ergosterol, corresponding to 19 per cent of the total 
lipides or to 4.5 per cent of the lipoprotein preparation, No. 3. 
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Phosphorus Distribution 


Numerous experiments, in which the defatted lipoprotein preparations 
were either extracted in the cold with m sodium chloride and then depro- 
teinized with chloroform or heated at pH 5 to 100° for 60 to 120 seconds 
in 0.1 m sodium chloride or acetate buffer, led to the extraction of 20 to 
50 per cent of the organic P present in the starting material. The major 
part of the phosphorylated compounds thus extracted was non-dialyzable, 
but no macromolecular component could be detected on ultracentrifuga- 
tion.? 

The distribution of phosphorus compounds was determined by the 
method of Schneider (8). The results of two estimations carried out with 
lipoprotein Preparation 1 are summarized in Table II. The preparations 
of yeast ribonucleic and of calf thymus desoxyribonucleic acids that 


TABLE II 
Phosphorus Distribution in Yeast Lipoprotein 


Phosphorus fraction Experiment 1 Experiment 2 


ber cent of lipoprotein P er cent of lipoprotein P 
re 


eee reer ere 12.2 16.8 
site die wkada’ edie s: 26.1 24.2 
a ne ee eee re 35.1* 34.4f 
“‘Phosphoprotein’’............. Peper 12.2 12.8 
9 


eer re eee P jas 85.6 88 


* 15 per cent of the phosphorus of this fraction was found to be desoxyribonucleic 
acid P. 

+ The nucleic acid distribution in this fraction was ribonucleic acid P 86, desoxy- 
ribonucleic acid P 14 per cent. 


served as standards for the colorimetric determinations have been de- 
scribed previously (9, 10). 


DISCUSSION 


Submicroscopic particles of yeast cells, isolated by high speed centrifu- 
gation of extracts of the crushed cellular material, were first described 
by Brachet and Jeener (11) and by Chantrenne (12). This work placed 
the emphasis on the presence in these particles of several enzymes (12) 
and of considerable quantities of firmly bound ribonucleic acid (11, 13). 
However, if this yeast fraction corresponds, as has been assumed (11), 
to the cytoplasmic particles isolated from a large number of animal tis- 
sues (14), it could be expected to be rich in lipides, which normally are 
found in association with this cytoplasmic fraction (3). This is actually 
the case, as shown in the present study. 
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Whether the particles from yeast are strictly analogous to those derived 
from the cytoplasm of animal cells is, perhaps, still open to some doubt. 
The crushing of animal tissue cells requires much less mechanical force 
than is necessary for the disintegration of microorganisms. In the latter 
case, there is some danger that the isolated fragments are, in their compo- 
sition, representative of the whole cell rather than of a definite cellular 
fraction. 

Although the scarcity of available material prevented a more extensive 
study, some of the findings on the lipide moiety of the lipoprotein particles 
may be of interest in this connection. The acid number agrees with the 
value found by Newman and Anderson (15) for yeast fat, the iodine value 
with the figure reported by Taufel ef al. (16). The quantity of ergosterol 
found in the lipoprotein particles was remarkably high. 

The lipoprotein particles were, in contrast to comparable fractions 
from animal tissues, devoid of thromboplastic activity. Yeast cephalin 
(17) has previously been found to have some thromboplastic effect (18). 

The experiments on the detachment from the particles of ribonucleic 
acid, which comprises about one-third of the lipoprotein phosphorus, did 
not lead to the isolation of a product of a high degree of polymerization 
and are, therefore, not reported in detail. Attention may be directed to 
a study of the distribution of various phosphorylated components in- 
cluded in this paper. 


SUMMARY 


This paper discusses the isolation and composition of the submicro- 
scopic lipoprotein particles of yeast cells. This fraction was found to 
contain 22 to 26 per cent of lipides, the unsaponifiable portion of which 
was rich in ergosterol. The composition of the lipides and the distribu- 
tion of phosphorylated compounds in these particles were investigated. 
Almost one-third of the phosphorus was derived from ribonucleic acid, 


but attempts to isolate a macromolecular ribonucleic acid met with no 
success. 
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A MODIFIED DIPHENYLAMINE PROCEDURE FOR THE 
DETERMINATION OF INULIN* 


By J. MAXWELL LITTLE 


(From the Department of Physiology and Pharmacology, Bowman Gray School of 
Medicine, Wake Forest College, Winston-Salem, North Carolina) 


(Received for publication, April 4, 1949) 


Present methods for the determination of inulin (1-3), in which the color 
developed with diphenylamine is utilized, depend upon yeast fermentation 
for the removal of glucose from the plasma. Studies reported by Mathews 
(4) and some experiments of our own suggested that the destruction of glu- 
cose in an alkaline medium might be used instead of yeast fermentation in 
the determination of inulin. The modification reported here, in which 
glucose is destroyed by autoxidation in an alkaline solution, has certain 
advantages over other methods, 7.e. greater simplicity and increased speed 
of determination. 

Reagents— 

Cadmium sulfate solution (5). Dissolve 34.667 gm. of 3CdSO,-8H,0 in 
169.3 ml. of 1.0 Nn H,SO, and make up to 1 liter with water. 

Diphenylamine reagent (2). Dissolve 9 gm. of recrystallized diphenyla- 
mine in 300 ml. of glacial acetic acid. Add slowly 180 ml. of concentrated 
HCl. This reagent may be stored for a week in a dark bottle in a cool 
place. A slight precipitate which may form on standing does not inter- 
fere with the use of the reagent. 

Sodium hydroxide solution, 1.0 n. This solution should be checked by 
titration. 

Sodium hydroxide solution, 4N. This solution is made from a saturated 
NaOH solution and should be protected from atmospheric COs. 

Glucose solution, 100 mg. per cent. Prepare each day. 


Procedure 


Plasma—To 12 ml. of CdSO, solution in a large centrifuge tube add 1 
ml. of plasma, 1 ml. of 100 mg. per cent glucose, 2 ml. of water, and 4 ml. of 
1.0NNaOH. Stopper the tube and shake vigorously for a few seconds, then 
occasionally for 10 minutes. Centrifuge the mixture and filter through 
washed cotton. 


Transfer 4 ml. of the filtrate to two 200 X 25 mm. Pyrex test-tubes, and 


* This study was supported by a grant from the Life Insurance Medical Research 


Fund. Presented in part before the American Physiological Society. Detroit 
1949, 
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add 1 ml. of 4 Nn NaOH. Cover the tubes with marbles and _ heat 
in a vigorously boiling water bath for 10 minutes. After cooling the tubes 
in a cold water bath for at least 2 minutes, add 10 ml. of the diphenyla- 
mine reagent to each tube; cover the tubes again and heat in a boiling water 
bath for 30 minutes. Cool the tubes and transfer the solution to color- 
imeter tubes. Determine the light transmission with an Evelyn color- 
imeter and a 620 mz filter. 

A blank determination on inulin-free plasma, to which 100 mg. per cent 
of glucose has been added, is run simultaneously with the unknown determ- 
ination, and the light transmission is set at 100 per cent with the blank 
tube in place. For convenience, the inulin concentration may be read from 
a graph prepared by use of purified inulin with or without the addition of 
1 ml. of 100 mg. per cent glucose. 

Urine—Diluted urine (urine to plasma = 1.0) is determined in the same 
way as plasma. A diluted inulin-free urine blank is substituted for the 
plasma blank. Since it is usually necessary to dilute the urine several 
hundred times, variations in the urinary chromogen concentration are 
negligible. If the urine is free of protein and glucose, the precipitation 
step and the step in which the solution is heated with 1 ml. of 4 n NaOH 
may be omitted, in which case the urine dilution must be adjusted appro- 
priately. 

EXPERIMENTAL 


Oxygen Consumption of Glucose-NaOH Solution'—It will be seen in Fig. 
1 that when 2 ml. of a solution of glucose and NaOH (glucose = 0.11 m, 
NaOH = 0.55 n) are shaken with oxygen in a Warburg vessel at 30° for 
2 hours there is an appreciable oxygen consumption which is related linearly 
to the time of incubation. The disappearance of glucose during this time 
was determined chemically (6) after neutralization with H.SO,. At the 
beginning of the experimental period the flask contained 3.60 mg. of glu- 
cose, and at the end of 2 hours it contained 2.90 mg. of glucose, giving a 
disappearance of 0.7 mg. of glucose. The molar ratio of glucose to oxygen 
was 0.9. 

Effect of NaOH Concentration on Glucose Destruction—4 ml. of a 1:20 
dilution of a 300 mg. per cent glucose solution were heated with 1 ml. 
of NaOH of various concentrations. Diphenylamine was subsequently 
added, according to the procedure, and the determination was completed 
The results, expressed as per cent light transmission, will be found in 
Table I. Although the transmission was usually less than 100 per cent, 
there was no significant increase in transmission when the NaOH concen- 
tration exceeded 0.33 N. 


1 Some of these experiments were done in the Department of Biochemistry, Wash- 
ington University. 
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Effect of Time of Heating on Glucose Destruction—4 ml. of a 1:20 dilu- 
tion of a 300 mg. per cent glucose solution were heated for various periods 
of time in a boiling water bath with 0.5 ml. of 4N NaOH. Diphenylamine 
was then added, according to the usual procedure, and the determinations 
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Fic. 1. Oxygen consumption of a NaOH-glucose mixture as measured in the 
Warburg flask. Vr = volume of fluid in the flask. 


TABLE I 
Effect of NaOH Concentration on Glucose Destruction 
4ml. of a 1:20 dilution of a 300 mg. per cent glucose solution plus 1 ml. of NaOH 
to give the indicated concentration at the time of heating. 


The results are expressed as per cent light transmission with the water blank 
= 100 per cent. 


ebeitibent na. No added NaOH concentration at time of heating 
No. ae seen NaOH ™ 
0.22 N 0.33 N 0.44.N 0.60 N 
min. per ceni 
1 5 28.4 91.5 99.7 99.0 100.3 
2 5 33.5 88.0 96.4 97.5 97.5 
3 7 99.3 99.4 99.7 99.7 


were completed. It will be seen in Table II that the results, expressed as 
per cent light transmission, are not significantly greater when the heating 
time exceeded 6 minutes. 

Effect of Including Glucose in Blank on Apparent Glucose Destruction 
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with Varying Concentrations of Glucose—Filtrates were prepared with use 
of 1 ml. of glucose solutions of various concentrations plus 3 ml. of water. 
Blanks were prepared in the same manner with either water alone or 1 m) 
of a 100 mg. per cent glucose solution. The determinations were carried 


Tase II 
Effect of Time of Heating on Glucose Destruction 
4 ml. of a 1:20 dilution of a 300 mg. per cent glucose solution plus 0.5 ml, of 4 
N NaOH. NaOH concentration at the time of heating = 0.44 N. 
The results are expressed as per cent light transmission with the water blank = 
100 per cent. 











Heating time 
Experiment No. jo — See Pere! 

3 min. 6 min. 9 min. 12 min. 15 min 
1 86.3 tt 1. aa 
2 82.0 99.0 99.0 | 99.5 
3 100.5 99.4 | 97.5 99.2 
4 97.2 96.3 98.3 97.0 
5 we: 1 we 1 7 97.0 








TaBLeE III 
Apparent Destruction of Glucose upon Heating with NaOH When Compared with 
Blank Solutions Containing No Glucose and Blank Solutions Containing Equivalent 
of 100 Mg. Per Cent of Glucose 
The heating time = 10 minutes. NaOH concentration at the time of heating 
= 0.8N. 
The results are expressed as per cent light transmission with the blank solutions 
= 100 per cent. 


























Glucose concentration, mg. per cent 
Experiment No. Type of blank ee Lae. ; _ 
50 100 200 300 

1 Water 99.4 96.3 94.0 93.0 

Glucose 101.0 ; “RO | 98.3 97.7 

2 Water |} 99.7 | 98.3 | 96.3 96.7 

Glucose | 101.0 100.0 99.0 99.4 

3 Water 97.0 | 97.5 97.3 94.7 

| Glucose + 100.0 | 100.5 | 100.5 98.0 

4 | Water | 7S + Pe 1 we 93.0 
Glucose 100.5 101.0 | 


| 98.7 97.5 





out according to the usual procedure. The colorimeter galvanometer was 
set at 100 per cent transmission with the water blank and the transmissiol 
of the glucose solutions was determined; then the reading was repeated 
with the blank representing a glucose concentration of 100 mg. per cent. 
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It will be seen in Table IIT that with a water blank the light transmission 
with glucose solutions was less than 100 per cent and roughly inversely pro- 
portional to the glucose concentration. With a glucose blank, however, 
the deviations from 100 per cent transmission were considerably less. 

Effect of NaOH Concentration, at Time of Heating, on Inulin—A 20 mg. 
per cent inulin? solution was treated according to the usual procedure, ex- 
cept that the NaOH concentration was varied at the time of the initial 
heating period. The results, expressed as per cent light transmission, 
when compared with a water blank, will be found in Table IV. One will 
see that the addition of NaOH during the initial heating period resulted in 
a slightly higher per cent light transmission than was the case with no 
NaOH, but there was no significant difference in the light transmission 
when the NaOH concentration was varied between 0.4 N and 1.2 Nn. 


TaBLE IV 
Effect of NaOH Concentration on Light Transmission of Inulin Solution 


Inulin concentration = 20 mg. per cent; heating time with NaOH = 10 minutes. 
The results are expressed as per cent light transmission when a water blank = 
100 per cent transmission. 





| NaOH concentration at time of heating 














Experiment No. No added NaOH 
04N | 0.8N | 1.26 
pr, Pe 4 Rs: 
1 46.2 | 47.1 | 46.7 | 47.0 
2 | 44.7 | 46.1 | 46.2 46.7 
3 | 44.6 | 46.7 | 46.2 47.2 





Recovery of Inulin from Solution Containing 100 Mg. Per Cent of Glucose— 
Before precipitating 1 ml. of inulin solutions of various concentrations, 
according to the usual procedure, 1 ml. of a 100 mg. per cent glucose solu- 
tion was added to the inulin solution and to the blank. The results, read 
from a graph prepared from data obtained with the total procedure but 
with glucose-free inulin solutions, will be found in Table V. One will see 
that the range of recovery error was —1.3 to +4.0 per cent. 

Recovery of Inulin Added to Plasma and Diluted Urine—To 1 ml. of 
inulin solutions of various concentrations were added 1 ml. of 100 mg. per 
cent glucose and 1 ml. of plasma, or urine which had been diluted 1:500. 
After the further addition of 1 ml. of water, the solution was precipitated 
with CdSO,-NaOH. Then the usual procedure was followed. Plasma 
and urine blanks were prepared in the same manner with 1 ml. of water 
replacing the inulin solution. The inulin concentrations were read from 


*The author is indebted to Dr. Marjorie Swanson of the Biochemistry Depart- 
ment for the purified preparation of inulin. 
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the graph used above. In Table VI one will see that the greatest vari. 
tion of the mean recovery from the theoretical value was 2 per cent and 


TABLE V 
Recovery of Inulin Added to Glucose Solution 
The blank solution and the inulin solutions contain the equivalent of 100 mg, 
per cent of glucose. The inulin concentrations were read from a graph prepared 
from the results obtained by use of standard inulin solutions without added gly. 
cose. The heating time was 10 minutes in 0.8 n NaOH. 


Experiment No Inulin added Inulin recovered Recovery error 
mg. per cent mg. per cent per cent 
1 5 5.0 0 
10 10.4 +4.0 
| 15 14.8 —1.3 
| 20 20.4 +2.0 
30 30.0 | 0 
2 | 5 5.05 +1.0 
10 | 10.4 +4.0 
15 15.2 | +1.3 
20 20.3 +1.5 
| +3.3 


30 31.0 





TABLE VI 
Recovery of Inulin Added to Plasma and Diluted Urine 








| Theoretical | r } | Standard Coefficient 
| clmalis,. | determina | Recovery | recovery, | deviation | of rst 
| tion wi | recovery,o : 
| mg per cent | mg. per cent mg. per cent 
Plasma 5 9 4.7- 5.5 5.10 0.293 5.75 
| 10 9 9.5-10.6 9.93 0.357 3.60 
16 9 14.1-16.2} 15.21 0.664 4.37 
tae Si 9 18.6-21.6 | 20.25 0.846 $18 
i. ae 9 29.5-31.5 | 30.53 0.700 2.29 
Urine diluted 5 | 9 4.6-5.3| 4.98 0.235 4.72 
1:500 _— | © 9.2-10.0} 9.78 0.272 2.78 
) ag 9 14.6-15.2 | 14.94 0.224 1.50 
ae 7 19.8-20.9 | 20.16 0.479 2.38 
30 9 29.9-31.3 | 30.49 0.523 1.72 





that the range of the coefficient of variation for plasma was 2.29 to 5.95; 

the range of the coefficient of variation for diluted urine was 1.50 to 4.72. 
DISCUSSION 

When the light transmission of glucose solutions, which had been heated 

for 10 minutes in an alkaline medium, was compared with the trans- 
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mission of a water blank, it was found that there was a slight residual ab- 
sorption in the glucose solution, and that this residual absorption was 
roughly related to the original glucose concentration. It is not known 
whether this residual absorption is due to a small glucose fraction which 
escaped destruction or whether it is due to the formation of some inter- 
mediate compound with slight absorption at this wave-length. It was 
shown, in Table II, that this residual absorption was not affected by in- 
creasing the time of heating. It was possible, however, to make an em- 
pirical correction for residual absorption, especially through a range of 
glucose concentration of from 50 to 200 mg. per cent, by adding glucose 
to the blank (Table III). For this reason, 1 ml. of a 100 mg. per cent glu- 
cose solution has been added to all plasma and urine samples before pre- 
cipitation to insure a minimum equivalent concentration of 100 mg. per 
cent of glucose. 

If one were certain that the glucose concentration would not change 
appreciably in vivo or in vitro during a determination of inulin clearance, 
as would be the case usually, then the addition of glucose to the samples 
and blank would not be necessary, for the blank would compensate for 
the glucose present in the samples. However, if the glucose concentra- 
tion did change appreciably, then some error might be introduced. In 
Table III, the average inulin equivalent of the 200 mg. per cent glucose 
solution is 1.05 mg. when compared with a water blank, while it is 0.23 
mg. of inulin when compared with a blank containing the equivalent of 
100 mg. per cent of glucose. 


SUMMARY 


The diphenylamine method for the determination of inulin in plasma 
and urine has been modified by substituting autoxidation of glucose in an 
alkaline solution for the usual destruction of glucose by fermentation. 

When glucose solutions were treated with NaOH and heated in a boil- 
ing water bath there was a slight residual light absorption which was 
roughly related to the glucose concentration, but which was not affected 
by the duration of heating. This residual light absorption was minimized 
by adding glucose, equivalent to 100 mg. per cent, to the blank which was 
used to set the colorimeter galvanometer at 100 per cent transmission. 
For this reason, 1 ml. of 100 mg. per cent glucose has been added to all 
plasma and urine samples at the time of protein precipitation. 


The author wishes to acknowledge with appreciation the assistance of 
Miss June Harris and Mr. Lewis Franklin (Life Insurance Medical Re- 
search Fellow) in many of these experiments. 
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Warburg and Christian (1), in describing the preparation of flavin- 
adenine dinucleotide (FAD), mentioned that whenever dinucleotide 
solutions developed a greenish fluorescence they were found to have lost 
their coenzyme activity. On further investigation of this phenomenon 
it has been found that there occurs a 10-fold increase in fluorescence when 
FAD is split to riboflavin phosphate (flavin mononucleotide) or to free 
riboflavin. This change in fluorescence has proved to be a practical 
means of measuring FAD. Since flavin mononucleotide (FMN) can be 
distinguished from riboflavin on the basis of its distribution cvefficient 
between benzy! alcohol and aqueous solutions (2), ready analytical means 
are available for measuring separately FAD, FMN, and riboflavin, the 
three forms of riboflavin encountered in biological material. 

A description is given below for the fluorometric measurement of 
these three forms of riboflavin. The measurements are considered to be 
much simpler than the enzymatic procedures which were the available 
methods hitherto. Data are given for the fluorescent behavior of FAD, 
FMN, and riboflavin, the stability of FAD, and the concentration of each 
of these three forms of riboflavin in normal and riboflavin-deficient tissues 
of the rat. 


Measurement of Riboflavin, FMN, and FAD in Tissues 


Extraction of Flavin Compounds—The fresh tissue sample is ground in a 
mortar or blended (in a Waring blendor) with 25 to 50 times its volume 
of ice water. The cold suspension, or an aliquot, is mixed immediately 
with an equal volume of ice-cold 20 per cent trichloroacetic acid (final 
concentration 10 per cent). After 15 minutes, the sample i is centrifuged 
and an aliquot of the extract is neutralized at orice. with one- fourth its 
volume of 4 m KsHPO,. Until neutralized, the sample is kept as cold as 
possible to prevent hydrolysis of FAD (Fig. 1).. A second aliquot of the 
suspension is stored in the dark at 38° overnight, or at room temperature 
for 2 days, to produce complete hydrolysis of FAD to FMN. After 
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hydrolysis, this sample is neutralized in exactly the same manner as the 
initial sample. Considerable care is taken with both samples after neutral. 
zation to prevent undue exposure to light, since both riboflavin and FMN 
are much more sensitive to destruction by light in the presence of this 
high salt concentration than they are in dilute salt solutions. The high 
tissue dilution (50- to 100-fold) is necessary to effect complete flavin 
extraction. A lower dilution (10-fold) results in only 80 to 90 per cent 
recovery of the flavins. 


Percent FAD split 








+ 
SR ieneiptiannah = Sa on eS Ce ae! Bea a ae L 
0 20 40 60 80 
Time in minutes 
Fic. 1. Rate of splitting of FAD by 10 per cent trichloroacetic acid at different 
temperatures. 


100 120 


Measurement of FAD—The fluorescence of the two neutralized extracts 
is determined in the usual manner (3). An aliquot of suitable volume is 
measured into a fluorometer cuvette and readings are made: (a) initially 
= F\; (0), after the addition of a standard amount of riboflavin approxi 
mately equal to that present, = 72; and (c), after reduction with 1 per 
cent of the volume of 10 per cent sodium hydrosulfite in 5 per cent NaHC0;, 
= F3. 

The second and third readings are corrected for the dilution of the 
sample with standard and reducing agents to give F.’ and F;’. The ap- 
parent riboflavin in the aliquot is calculated as follows: Apparent ribo- 
flavin = standard riboflavin X (F, — F3')/(F2' — F;). 

In aqueous solutions, FAD is only 9 per cent as fluorescent as riboflavin 
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(see below). However, under the conditions of these measurements (high 
galt concentration) FAD (calculated as riboflavin) has a fluorescence equal 
to 15 per cent of riboflavin, whereas FMN (calculated as riboflavin) and 
riboflavin are equal in fluorescence. Therefore, if the apparent riboflavin 
of the initial sample is R; and the apparent riboflavin of the hydrolyzed 
sample is R:., FAD = (A. — R;)/0.85. The balance of the flavin con- 
sists of FMN plus free riboflavin. Total riboflavin (R;) = FAD + non- 
FAD riboflavin (FMN + free riboflavin). 

Measurement of Free Riboflavin—Since, as is shown below, there is 
ordinarily very little free riboflavin in tissues, 2.e. non-FAD flavin = FMN, 
the above measurements will suffice for most purposes. If it is, however, 
desirable to distinguish between FMN and riboflavin, the procedure is as 
follows: An aliquot of the initial (non-hydrolyzed) neutralized sample 


TABLE I 


Partition Coefficients for Riboflavin and Derivatives between Benzyl Alcohol and 
Various Aqueous Solutions 


Ratios of benzyl alcohol to aqueous layer (25-28°). 








Aqueous layer | Riboflavin FMN FAD 
0,008 wt phosphate buffer, pH 6.8 3.3 0.010 | 0.004 
4 volumes 10% CCl;COOH + 1 volume 4 m 4.1 0.032 0.020 


K;HPO, (final pH = 6.6) 
1.5m (NH,)2SO, in 2.5% CCl;COOH and 0.45m | 24.0 0.082 | 0.111 
K,HPO, (final pH 6.6) 








is thoroughly shaken with an equal volume of water-saturated, redistilled, 
cP. benzyl alcohol, in a glass-stoppered centrifuge tube. An aliquot of 
the benzyl alcohol layer is diluted in a fluorometer cuvette with 2 or more 
volumes of 45 per cent ethyl alcohol, which is 0.05 m in both sodium acetate 
and acetic acid. The apparent riboflavin in this solution is measured in 
this sample exactly as before (Rs:). The partition coefficients for ribo- 
flavin, FMN, and FAD between benzyl alcohol and 10 per cent trichloro- 
acetic acid, neutralized as described, are 4.1, 0.032, and 0.020 respectively 
(Table I). Since FAD has a fluorescence approximately 60 per cent as 
large as free riboflavin, when present in a mixture of benzyl alcohol and 
45 per cent alcohol, the apparent riboflavin in the benzyl alcohol extract 
(Rs:) = 4.1/5.1 free riboflavin + 0.032/1.032 FMN + 0.02/1.02 x 0.6 
FAD. By letting R non-FAD = FMN + free riboflavin, and solving, 
free riboflavin = 1.30 Rs: — 0.040 Rnon-FAD — 0.015 FAD. 

The concentration of free riboflavin is so low in normal tissues that a 
special fluorometer is required to measure the fluorescence (4). In addi- 
tion, it is desirable to avoid the fluorescence of even redistilled benzyl 
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alcohol by driving the extracted ribofiavin back into an aqueous solution, 
This is accomplished by shaking 1 volume of the benzyl alcohol extrge 
in a glass-stoppered vessel with 15 volumes of toluene and | volume of 
water which is 0.05 m in both sodium acetate and acetic acid. All of the 
flavins extracted by the benzyl alcohol are quantitatively driven into the 
aqueous layer; hence, the calculation is made as described above, except 
that the FAD correction term is changed from —0.015 to —0.003 because 
of the lesser fluorescence of FAD in water. The benzy! alcohol and toluene 
are prepared before use by shaking with large volumes of water to remoye 
possible traces of water-soluble fluorescent materials. 

The above analytical procedures would appear to be applicable, with 
appropriate modifications, to materials other than animal tissues.’ 


Properties of Flavin Nucleotides 


FAD—The fluorescence of the FAD, used as originally prepared,’ ip. 
creased about 6-fold on hydrolysis. It was thought possible that even 
the small initial fluorescence might be due to contamination with free 
riboflavin or FMN. A sample of FAD was accordingly submitted to a 
counter-current extraction process (6) (with individual glass tubes) between 
2 M ammonium sulfate in 0.02 n NH,OH and water-saturated benyy! 
alcohol. After a total of eighteen plates, the maximum FAD was found 
in the fourth tube. The initial fluorescence values, expressed as the per 
cent of the fluorescence after hydrolysis in the third, fourth, and fifth 
tubes, were 9.2, 9.2, and 8.9 respectively. It, therefore, seems strongly 
indicated that pure FAD in water at a neutral pH is about 9 per cent as 
fluorescent as free riboflavin. It is, of course, barely possible that part 
of this fluorescence is still due to the presence of an impurity. 

It is rather unexpected that FAD should be less fluorescent than ribo 
flavin or FMN, since it seems likely that the FMN and adenylic acid 
moieties are joined through their respective phosphate groups, i.e. at a 


1 Other means of hydrolyzing FAD may be more expedient in certain cases. Com 
plete hydrolysis may be effected by heating for 10 minutes at 100° in 5 or 10 per cent 
trichloroacetic acid or in 0.1 n HCl. The light must of course be kept very dim 
while the sample is hot to avoid destruction of riboflavin. An alternative method 
of hydrolysis is to add FAD-splitting enzyme from potato to the neutralized sample 
(Lowry, O. H., Bessey, O. A., and Love, R. H., in preparation, and Kornberg (5)). 
In this case the concentration of trichloroacetate should be kept as low as possible 
to minimize inhibition of the enzyme. With low substrate concentration the veloc 
ity of reaction increases with increasing acidity to a pH of about 4. An advantage of 
the enzymatic splitting is that a single sample may be used to measure both FAD 
and total riboflavin. 

? The FAD used was prepared from yeast by the method of Warburg and Christian 
(1) to a purity of about 60 per cent, judging from its riboflavin content. The ab- 
sorption spectrum (peaks at 452, 375, and 265 mu) was in agreement with this purity. 
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point quite remote from the fluorescent isoalloxazine nucleus. If the 
phosphate groups are the point of union, the limited fluorescence of FAD 
would indicate a second linkage between the isoalloxazine nucleus and 
some group of the adenylic acid. 

Evidence that a loose linkage, possibly electrovalent, may exist is fur- 
nished by the behavior of FAD at different pH values and in different 
solvents. As the pH of an aqueous solution of FAD is decreased, the 
fluorescence increases reversibly to a maximum at pH 2.9 and then de- 
creases in parallel with riboflavin itself. The fluorescence relative to 
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Fig. 2. Influence of pH on fluorescence of riboflavin, flavin mononucleotide, and 
flavin-adenine dinucleotide (FAD). 


riboflavin increases steadily until the two compounds are equally fluorescent 
at about pH 1.5 (Fig. 2). This behavior would be compatible with a 
salt linkage between a positively charged group on one-half of the molecule 
and a negatively charged group with a pK, of about 3.5 on the other part. 
The data fit this interpretation quantitatively only in the less acid part 
of the pH range (Fig. 2). The behavior of FAD in organic solvents is 
consistent with the above interpretation (Table Il). Various combina- 
tions of alcohol and benzyl alcohol increase the fluorescence of FAD in 
the neutral range to more than 50 per cent of that of riboflavin. It is 
well known that lowering the dielectric constant of the medium decreases 
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the dissociation constant of those acids which become negatively charged 
on ionization (7). (The pH effect on the fluorescence, of course, dogs 
not prove the presence of an electrovalent bond, since secondary bonding 
of other sorts might be similarly affected.*) 

Weil-Malherbe (8) has reported that various purines are able to quench 
the fluorescence of a number of compounds, including riboflavin. Ae. 
cordingly, the fluorescence of riboflavin and its derivatives was measured 
in the presence of adenosine and yeast or muscle adenylic acid. Quenching 
was, in fact, observed (Table III). Adenine (not shown) had a similay 
effect. The quenching could be reversed by lowering the pH, and this 
pH effect was quantitatively equal to that found for FAD (Fig. 2). 


seems likely, therefore, that adenylic acid is responsible for the inhibition 


TaBLeE II 
Fluorescence of Flavin-Adenine Dinucleotide in Various Sol 
The fluorescence is expressed as per cent of fluorescence of free riboflavin in th 
same solvent. Ph, 0.01 m phosphate buffer, pH 6.8; Et, ethyl alcohol; Ac, 0.1 x 
acetate buffer, pH 4.6; and Bz, benzyl alcohol. 


Fluores- | 


Solvent cence MEEFERS aan: 

4m (NH,).SO, 6 
100% Ph 9 55% Ac, 45% Et ‘0 
85% ‘S 15% Et 22 WB% ‘* 45% ** 12% Bz 66 
75% “ 25% * 3] 33% “ 45% ** 9907 « 70 
55% “* 45% “ 42 43% Ph, 45% ‘* 12% “ 52 
5% “ 95% « 48 33% 450%, « go07 « 64 


of fluorescence in FAD. Although the absolute concentration of adenylic 
acid is far too low in a dilute FAD solution to explain the quenching, the 
local ‘‘concentration”’ of adenylic acid in the neighborhood of the riboflavin 
portion of the FAD molecule would quite probably be high enough to 
produce the phenomenon. It may be of interest to note that the presence 
of a high muscle adenylic acid concentration did not permit FMN to 
substitute for FAD as a coenzyme for p-amino acid oxidase. 

The reversible increase in fluorescence of FAD at pH 2 to 3 could be 
put to analytical use, but it has been found more convenient, in general, 
to hydrolyze FAD before measurement, as described above. 

Fig. 1 records the rate of hydrolysis of FAD at different temperatures 

3 Dr. C. W. Sondern of the White Laboratories, Inc., Newark, New Jersey, kindly 
furnished us with a synthetic compound which is believed to be diriboflavin di- 
phosphate with a pyrophosphate linkage, asin FAD. This compound showed a® 
per cent increase in fluorescence after mild hydrolysis, which suggests a similar 
secondary linkage. 
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in 10 per cent trichloroacetic acid (pH 0.67). These data are useful for 
the preparation of tissue extracts by serving as a guide to permissible times 
of exposure of the samples to acid, if significant splitting of FAD is to be 
avoided. They also indicate the necessary time required at higher tempera- 
tures for complete hydrolysis. At 90°, in 0.075 n HCl, FAD is 50 per 
cent hydrolyzed in 2.2 minutes. Abraham (9) measured the liberation 
of adenylic acid under nearly comparable conditions and observed a 
similar rate of hydrolysis. FAD is hydrolyzed approximately 10 times 
faster than diphosphopyridine nucleotide under the same conditions (10). 
The instability of FAD is further indicated by the fact that adsorption 
on Florisil at a neutral pH followed by elution with organic solvents results 
in nearly complete conversion to FMN. 


TaBLeE III 
Quenching of Fluorescence of Riboflavin and Its Derivatives by Adenosine and Adenylic 
Acid 


The values are reported as per cent of fluorescence in 0.008 m phosphate buffer, 
pH 6.8. 


Medium | Riboflavin | FMN | FAD 

Adenylic acid,* 0.03 m, pH 6.8.............. 38 49 66 
. ee) CoRR Sa FS ees eee 20 14 36 
Adenosine, OOGS" PF OSs cart cok eee 28 28 45 
™ Ue C8... 22. | 12+ 17 31 


* Yeast adenylic acid; muscle adenylic acid also quenched riboflavin fluorescence. 
t This rose to 25 per cent at pH 3.5 and 44 per cent at pH 2.9. 


The rate of increase of fluorescence of a trichloroacetic acid extract of 
rat liver held at 38° was found to be the same as for a similar solution of 
purified FAD from yeast (Fig. 3). This is strong evidence for the validity 
of the proposed method for FAD. Since both the liver extract and purified 
FAD increased in fluorescence according to a single monomolecular curve 
(Fig. 3), it would appear that a single molecular species is concerned in 
both instances. 

One further property of FAD which is of some interest is its relative in- 
sensitivity to light. Under comparable conditions of exposure to ultraviolet 
light of wave-length 365 mu, riboflavin and FMN are destroyed 20 times 
faster than FAD. 

FMN—On mild hydrolysis of FAD, the fluorescence increases to a maxi- 
mum with the liberation of little or no free riboflavin, as judged by the 
failure of benzyl alcohol to extract more than small amounts of fluorescent 
material. The fluorescent compound liberated is presumably FMN. Abra- 
ham (9) has shown that the product of mild acid hydrolysis is active as a 
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coenzyme for the “old yellow enzyme’’ and is, therefore, probably FMN. 
It will also be shown below that the hydrolytic product has the same par. 
tition coefficient as the “FMN” of tissues. More drastic hydrolysis (auto. 
claving in 0.1 N HCl for 15 minutes at 15 pounds pressure) induces little 
further change. Kuhn and Rudy (11) also noted that FMN is but slowly 
hydrolyzed by acid. Prolonged autoclaving with higher acid concentrg. 
tion results in only partial hydrolysis of FMN with accompanying destruc. 
tion of part of the riboflavin. Treatment with acid phosphatase (clarase) 
liberates free riboflavin with no change in fluorescence. Thus, FMN has 

















100 ae 
e 
x 
90+ 
80 x 
a 

70}- x 
oP) 
¢ 
$ 60+ ——Theoretical monomolecular reaction 
“-t 
bee | 
oO x 
R 50}-— | 
» 
5 
0 40 e—e Isolated FAD 
g xx FAD of liver extract 

30 x 

20+ | 

10 i 4 [a = 

4 2 3 4 
Time in hours 

Fig. 3. Splitting of isolated FAD and FAD present in an extract of rat liver by 


10 per cent trichloroacetic acid at 38°. 


the same fluorescence as riboflavin. There is, however, « slight difference 
in the effect of acid on the fluorescence of FMN and of free riboflavin (Fig. 
2). The phosphorylated compound loses its fluorescence at a slightly 
higher pH than does riboflavin. Thus, at pH 2 riboflavin is 18 per cent 
more fluorescent than FMN. The loss of fluorescence of both compounds 
fits a titration curve almost perfectly. Assuming, therefore, that this 
change represents the conversion of a single group to an acid, this group 
has a pK, of 1.97 in riboflavin and a pK, of 2.17 in FMN. (Kuhn and 
Moruzzi (12) estimated a pK, of about 1.7 for riboflavin from the effect of 
pH on its fluorescence.) 
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Partition Coefficients of Flavins—Emmerie (2) used the difference be- 
tween the benzyl] alcohol-water partition coefficients of riboflavin and FMN 
to separate these two compounds. The differences in the distribution of 
the flavin compounds between aqueous solutions and benzyl alcohol are 
useful for both analytical and characterization purposes (Table 1). FMN 
js more readily extracted than FAD from dilute salt solutions, whereas the 
reverse is true from strong ammonium sulfate solutions. 
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Fig. 4. Extraction of FMN and FAD by benzy! alcohol from extracts of rat kid- 
ney. A 10 per cent trichloroacetic acid extract of rat kidney was neutralized with 


K;HPO,, made 1.5 m in (NH,4)2SQ,, and extracted four times with 5 volumes of 
benzyl alcohol. 





oO 


A neutralized trichloroacetic acid extract of rat kidney was brought to 
a concentration of 1.5 M in ammonium sulfate and extracted successively 
with 5-fold volumes of benzyl alcohol, and the FMN and FAD left behind 
were measured by the proposed method. The extraction curves (Fig. 4) 
concur within experimental error with similar curves found for purified 
yeast FAD and for FMN obtained by mild hydrolysis from this yeast 
FAD. These data indicate the identity of the rat kidney flavins with the 
purified compounds and suggest that no significant amounts of riboflavin 
derivatives other than these two exist in rat kidney. These data may also 


be regarded as further proof for the validity of the proposed analytical 
procedure. 
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Stability of FAD in Tissues and Tissue Extracts—In measuring the FA) 
in tissues there are two possibilities of loss other than incomplete extra. 
tion, viz. enzymatic splitting of FAD prior to extraction and acid splitting 
during extraction. There exists an enzyme or enzymes in at least kidney 
and liver capable of splitting FAD (13). This enzymatic effect js 
apparently less marked in the intact tissue than in tissue mince (Table IV) 
The data indicate that even kidney mince, which is quite active in this 
respect, may safely be allowed to stand for 30 minutes at 10°. There jg q 
greater danger of hydrolysis after the addition of 10 per cent trichloroacetic 
acid (Table IV; Fig. 1). To prevent serious loss it appears that the acid 
extracts should be neutralized within 60 minutes at 0°, 30 minutes at 10° 
or 15 minutes at 15°. 

Comparison of Coenzymatic and Fluorometric Assay for FAD—FAD ya 
measured in a number of tissues by its function as a coenzyme for D-amino 


TABLE IV 


Stability of FAD in Rat Kidney and Kidney Extracts 


Tempera- 


Sa FAD remaining 
| 15 min. per 30 min 60 min 
"CG. cent of per cent per cent 
initial of initial of initia 

eg, ee ee en ee 38 99 

Kidney blended with water................ 10 100 102 95 
= = se BN dens oa eae oe 38 66 59 40 
“ 1:50 extract in 10% CCl;COOH... 15 93 87 84 


acid oxidase. The apoenzyme was prepared from pig kidneys by essen- 
tially the method described by Warburg and Christian (1). 








The assay was conducted in 0.05 n pyrophosphate buffer at pH 8.3, with | 


3 mg. of pL-alanine per ml. as substrate and fluorometrically assayed yeast 
FAD of 60 per cent purity as a standard. The concentration of FAD re 
quired for half activity was found to be 0.155 y per ml. as compared to 0.1% 
yy per ml. reported by Warburg and Christian (1) for enzyme from sheep 


— 


kidney. The tissues were blended in ice water and then heated at 100 | 


for 5 minutes to liberate the FAD. Aliquots of the supernatant fluids 
after centrifuging were assayed for their FAD content by the enzymatit 
procedure and the values found were compared with the values obtained 
fluorometrically on the same extracts (Table V). The data obtained by 
the two procedures are seen to concur within experimental limits. Similar 
comparative analyses were made on a sample of FAD which was heated for 
different lengths of time in 0.075 Nn HCl at 90°. The decrease in FAD 4 
measured fluorometrically was found to be accompanied by a correspont- 
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ing fall in coenzymatic activity, thus further demonstrating the relation- 
ship between potential fluorescence and FAD activity. 


TABLE V 
Comparison of Values for FAD Obtained by Fluorometric and Enzymatic Methods 
The values are based on w et tissue weight. 




















Fluorometric As coenzyme* 
PENNS | FAD (as riboflavin) | FAD (as riboflavin) 
Da] vy per gm. per gm. y per gm. 
ES Seer eer 7.0 | 28.3 | 28.5 
“ 9 BS bic essen” Vince Cette 5.7 | 36.8 34.9 
NS stat elem ses eae 21.8 | 19.2 21.8 
SR TOS: ois g can baseeaarees 17.0 | 16.4 13.8 
I Re fs. 5625 rocee cis s. 4 tas chodeee 1.5 18.1 17.6 
RE i 5 Abe tea a 5 cee ope Ree nies 2.4 | 21.6 18.8 
ERAN Ss 635 Aso v5: tunis hha Fee ERY See oe 23.4 22.6 
* For p-amino avid oxidase. 
TABLE VI 
oats ate of Flavins Added to Minced Liver 
ee. ee — = _— 
| | | 
Substance [initial | Addi- biill Gate covery Substance Initial aa ta ound |Calcu- a Re- 


| | lated | covery 
} _ _ 


—_— —_—_—___- — a -- - -— — 
¥ per Tie |aeel ek ale 


ve | ape te fate | oe 





| gm. | gm. | gm. gm. cent | gm. gm. | gm. | gm. | cent 
Riboflavin | 0.6) 10.3) 10.9, 10.9 100 FAD 31.6, 38.8, 67.8 70.4| 93 
« | 0.6, 20.3 20. 0 20.6, 97 | 31.6, 38.8 66.2, 70.4) 91 
rr ———} “ 31.6, 38.8 72.0) 70.4) 104 
ae eee eee ee 98 | a | 33.3, 29.6, 59.7, 62.9) 89 
ett =| 33.3, 29.6 55.0 62.9) 73* 
FMN | 6.0 14.7| 18.1] 20.7) 82] “ | 29.9 39.0 69.2 68.9) 101 
. 6.0 14.7) 19.3) 20.7) 91) “ 29.9, 39.0, 64.5 68.9, 89 
" | 7.9) 15.0) 25.1) 22.9) 115 | waa ~~} 
" 7.9 15.0, 25.4) 22.9 spe Stee... CR aAmRaaee | 95 
* 13.5) 31.4| 48.9] 44.9] 97 | —————— T ESSE nnn Renee eee 
—_______________——_|Riboflavin | 0.6) 9.9} 12.6] 10.5 121 
SN. -.c% 150.0). 45> eRe 100 FMN | 4.9) 14.6) 20.7] 19.5, 108 
= + ~-—— |FAD | 29.6) 73.5 109.0 103. 1, 108 
} 
| oted....... 35.1| 98. 0 142.3 133.1 108 





* Omitted from the average. 


Recovery of Flavins Added to Tissues—Riboflavin, FMN, and FAD were 
added to the cold minced tissues before extraction with trichloroacetic acid. 
The recovery of the separate flavins averaged 95 to 100 per cent (Table 
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tion was only 1:10 instead of 1:100. 


The values are calculated as riboflavin on the basis of wet tissue weight. 


TaBLe VII 


Three Riboflavin Fractions of Five Tissues of Control and Riboflavin- 
Deficient Rats 





Control Riboflavin-deficient 

| Total Free | Total . Free ¥ | | of 

ribo- | FAD | FMN | ribo- | FAD nbo- | FAD | FMN| ribo- | FAD | PMN 

flavin flavin | flavin flavin | | 

| ¥ 7 7 7 salad . | Y Y . | * | a a 

ber gm. 4 =f LWA of total | per gm. | a | od per gm | pa ann 

| | | | control | control 
Liver _| 39.8 | 82.3] 6.6) 0.90| 81 | 11.8 |10.9| 0.7] 0.24| 92 | 36 | 11 

| 40.4 | 34.01 5.81 0.62] 84 | 13.3 /12.0| 1.1] 0.24 90 | 39 | 18 

| 31.4 | 26.6, 4.8* 71 | 9.7|8.8|0.5| 0.36) 91 | 29 | 8 

| 33.4 | 24.2) 9.2 72 | uw. 

| 40.5 | 35.2} 5.3 | 87 | 

| 87.14/ 80.5) 6.2) 0.76) 79 | 11.6 |10.6 | 0.8| 0.28 91 | 35 | 12 
Kidney 38.2 | 23.2) 14.0) 1.02) 61 | 16.2 |12.6 | 3.3 | 0.28) 78 | 53 | 2 

41.4 | 26.2) 14.4) 0.82) 63 | 15.2 |12.9 | 2.1] 0.19) 85 | 55 | 18 

| 40.5 | 32.4) 7.2; 0.92} 80 | 18.4 16.9] 1.1] 0.38) 92 | 72 | 9 

| 27.2} 18.1} 9.1* 66 | 

| 26.5 | 18.3) 8.2 69 

| 34.8 | 23.6 11.9, 0.92) 68 | 16.6 14.1 | 2.2| 0.28) 85 | 60 | 18 
Heart | 21.6 | 19.5] 1.9/ 0.19) 90 | 7.8|6.8| 1.0] 0.07) 86 | 44 | 5 

| 21.6 | 19.5} 2.0 0.11) 90 | 8.6] 7.7] 0.9] 0.07] 89 | 50 | 45 

| 21.5 | 17.7) 3.8* 82 | 9.3]8.0| 1.2] 0.05) 86 | 52 | 60 

| 24.4 | 20.6 3.8 84 | | 

19.3 | 13.8} 5.5 72 | | 

| 21.7 | 18.2) 2.01 0.15] 84 | 8.6 | 7.5/1.0! 0.06 87 | 49 | 5 
Brain | 2.95 | 2.19} 0.62, 0.14! 74 | 2.04 | 1.56] 0.40) 0.08] 76 | 63 | 58 

| 3.25 | 2.37) 0.76, 0.12) 73 | 2.24 | 1.73) 0.44) 0.07| 77 | 70 | 64 

3.47 | 2.62) 0.74 0.11] 75 | 1.89 | 1.46 0.37) 0.06) 77 | 59 | 5 

3.69 | 2.69) 73 | Rah = 

3.34 | 2.47, 0.71 0.12 74 | 2.06 | 1.58! 0.40, 0.07) 77 | 64 | 8 
Skeletal | 3.56 | 3.13) 0.43, 0.00; 88 | 0.86 | 0.74) 0.15|—0.02| 85 | 22 | 38 

muscle 3.48 | 3.10, 0.33 0.05! 89 | 1.24 | 1.08! 0.09] 0.07, 87 | 32 | 2 
4.47 | 3.99 0.44 0.04, 89 | 0.78 | 0.64; 0.05) 0.08, 83 | 19 | 13 
3.84 | 3.41, 0.40 0.04 89 | 0.96 | 0.82 0.10 0.04 85 | 24 | 25 








* Calculated value. 


} Averages. 





























Recovery was, however, less complete (85 per cent) if the final diy. 

















Concentration of Individual Flavins in Normal and Deficient Tissues— 
The concentration of riboflavin, FMN, and FAD was measured in five 
major tissues of normal and riboflavin-deficient rats. The deficient rats 
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had been maintained for several months on purified diets containing about 
5 7 of riboflavin per day. The control animals were young adults on a 
Purina dog chow diet. The FAD was found to represent the largest frac- 


Tasie VIII 
FAD and Non-FAD Riboflavin Fractions of Lung, Thymus, Submazillary Gland, and 
Adrenals of Control and Riboflavin-Deficient Rats 
The values are calculated as riboflavin on the basis of wet tissue weight. 


—— —— a = — 





























Control Riboflavin-deficient 
F FMN + a. FMN + FMN + 
a dae rap | free | rap Rat| Tio. | FAD | free FAD Ene 
flavin | flavin | | "| flavin flavin | flavin 
| | per 
ts be pea | pl | pa pm bch deni = ie 
Per em.| gm. [Por em) | | em | am. | PO |, leverage Comet 
Lung 1 | 3.76 | 3.10) 0.66 | 82 | 5 | 3.26) 2.52; 0.74| 77| 69! 118 
2 | 4.22 | 3.66) 0.56 | 87 | 6 | 4.24 3.76) 0.48 89 | 103| 76 
| 3 | 4.80 | 4.29) 0.51 | 89 | 7 | 5.12 4.57) 0.55) 89 126| 88 
| 4 | 4.29 | 3.49) 0.80 | 81 | 8 | 3.41/ 3.05} 0.36) 89, 84] 57 
| | 4.27% 3.64) 0.63 | 85 | | 4.01) 3.48 0.53, 86 96| 84 
Thymus | 1 | 2.76 | 2.12| 0.64 | 77 | 5 | 1.86 1.41) 0.45| 76| 70| 78 
| 2 | 2.47 | 2.11) 0.36 | 85 | 6 | 1.60) 1.37| 0.23| 86| 68| 40 
| 3 | 2.47 | 1.87) 0.60 | 76 | 7 | 2.01) 1.56, 0.45 | 78 | 78| 78 
| 4 | 2.67 195 0.72 | 73 | 8 | 2.41| 1.68} 0.73 | 70 | 84| 126 
| | 2.69 | 2.01) 0.58 | 78 1.97, 1.51) 0.46 | 78| 75| 79 
Submaxil- | 1 | 6.30 | 5.12) 1.18 | 81 | 5 4.65 3.12} 1.53) 67| 67| 137 
lary gland | 2 | 5.59 | 4.85| 0.74 | 87 | 6 | 6.75 4.65, 2.10} 69 | 100| 187 
3 | 4.94 | 3.67) 1.27 | 74 | 7 | 4.98) 3.93} 1.05| 79| 85| 94 
| 4 | 6.24 4.93| 1.31 | 79 | 8 | 4.52) 3.30, 1.22| 73| 71 | 109 
| | 5.77 | 4.65 1.12) 80 | | 6.22 3.74 1.48 72) 80) 132 
Adrenals =| 1 | 19.9 | 17.6 2.3 | 88 | 5 | 19.3) 15.1) 4.2 | 78) 83} 105 
| 2 | 20.1 | 16.2) 3.9 | 81 | 6 | 15-8, 15.9-0.1 | 101) 87 | 
| 3 | 25.0 | 20.6, 4.4 | 82 | 8} 17.3) 
'4| 24.2] 18.91 5.3 |78 | | 17.5 15.4 90! 85 
(22.3/18.34.0 /s2. | 
Liver | 1 | 38.6 | 36.7; 1.9 | 95 | 5 | 18.7) 11.7) 2.0 | 85| 37] 69 
| 2| 34.5 | 32.7/1.6 | 95 |6/ 18.9] 16.8 2.1 | 89| 53| 72 
| 3 | 31.1 | 25.8 5.3 | 838 | 7 | 15.3) 13.1) 2.2 | 86; 42) 76 
34.7 | $1.8 2.9 | 92 116.0. 13.9 2.1 87 | 44| 72 
* Averages. 


tion in all of the tissues (Table VII). The percentage in the normal tissues 
varied from nearly 90 per cent of the total in skeletal muscle to less than 70 
per cent in kidney. The balance was found to be chiefly FMN. The rel- 
atively large quantity of FMN in kidney is of interest and is quite surely 
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not an artifact, since preparation of extracts with the greatest haste, afte 
killing the animal, did not decrease the percentage of FMN found. The 
free riboflavin was observed to be consistently low, too low in several of 
the tissues for accurate measurement by the technique available. The 
kidney had the highest absolute amount (0.7 y per gm.) and the brain the 
highest relative concentration (3 per cent of the total). 

In riboflavin deficiency all three fractions decreased. In liver and kid. 
ney the greatest fall was found for FMN. In heart, brain, and skeletg| 
muscle, in contrast, both FAD and FMN decreased to about the same rela. 
































tive extent. It is perhaps unwise to speak too definitely about the FMN 
TaBLe IX 
FAD and Non-FAD Riboflavin Fractions of Miscellaneous Tissues (Single Values) 
The values are calculated as riboflavin on the basis of wet tissue weight. 
Control Riboflavin-deficient rat 
Total |FMN +! | rote! IFMN +| | FMN + 
Tissue ribo- | FAD free | FAD | ribo- | FAD | ice. | FAD | FAD | fe 
| flavin flavin | | flavin | flavin | flavin 
a | —|——| ——/- |_| ile 
Y a lbe ed om } per cent | per cent 
| be. | Be, tere Ft) 2 | BS | pee. ta tt | et 
Gastric mucosa...../10.9/ 9.3/1.6 | 86 | 5.27| 4.671 0.60 | 89 50 | 38 
Pancreas........... 8.14| 6.82} 1.32 | 84 | 5.67) 5.28 0.39; 93 | 77 | 2 
: ee | 7.52) 5.95, 1.57 | 79 | 6.11) 5.15| 0.96 | 83 | 87 | 61 
ee 4.56) 2.90) 1.66 | 64 | 3.38} 2.43! 0.95 | 72 84 57 
Spleen..... | 3.90) 3.38 0.52 | 87 2.63, 2.35) 0.28 | 89 69 54 
Pituitary...........| 3.68) 2.62 1.06 | 68 | 2.51) 1.20' 1.31! 48 | 46 | 128 
EEE EEE | 3.87| 2.45, 0.92 | 73 
Lymph node....... .| 2.86 2.18) 0.68 | 76 | 1.83) 1.46) 0.37 , 80 67 si 
on | 2.34] 1.82] 0.52 | 78 | 1.99 1.81/0.18| 91 | 99 | & | 
NN Sic esa cee 2.31) 1.59, 0.72 | 69 | 1.36) 1.12| 0.24 | 82 70 33 
Cornea....... ----| 1,12) 1.00, 0.12 | 89 | 0.85 0.66 0.18 | 78 | 66 | 1580 | 
ee 1.00 0.76 0.24! 76 | 0.61) 0.55 0.07! 89 73 68 | 





concentration from these few data, since the values have not been found } 
to be very consistent. Contrast, for example, the FMN data for liver 
found in Table VIII with those in Table VII. Unknown age or environ- 
mental factors may influence the concentration of this flavin. 

Except for brain, the above five tissues are characterized by a marked 
drop in total riboflavin concentration in riboflavin deficiency. Not all 
tissues are so severely affected. Lung, thymus, submaxillary, and adrenal 
glands are presented as typical of tissues or organs in which deficiency pro- 
duces only minor changes (Table VIII). FAD comprised about 80 per 
cent of the total riboflavin in these tissues and deficiency was without dr 
matic effect on this percentage. 
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Single values were obtained purely for orientation purposes on twelve 
other normal and deficient rat tissues (Table IX). No striking percent- 
age of FAD or change in deficiency was noted. Until these data are 
obtained with more animals, they must be interpreted with caution. 


SUMMARY 


1. A convenient fluorometric procedure is described which permits 
separate measurement of riboflavin, riboflavin monophosphate, and ribo- 
favin dinucleotide. The measurement of the dinucleotide is based on the 
fact that it has much less fluorescence than riboflavin, and that it can be 
readily converted into riboflavin monophosphate which exhibits the same 
fluorescence as riboflavin. Riboflavin is distinguished from its two deriva- 
tives by its very much greater partition coefficient between benzyl alcohol 
and water. 

2. Data are presented concerning some of the properties of riboflavin 
dinucleotide, particularly its rate of hydrolysis in acid and the influence 
of pH and solvent on its fluorescence. 

3. Evidence is given that riboflavin monophosphate and dinucleotide 
account for practically all of the riboflavin of rat kidney. 

4. The riboflavin dinucleotide content of liver, kidney, and heart was 
measured both fluorometrically and enzymatically with concurring re- 
sults. 

5. The data are given for the concentration of the three riboflavin frac- 
tions in five major rat tissues, both normal and riboflavin-deficient, and 
for the total riboflavin and dinucleotide concentrations in sixteen others. 
Free riboflavin was found to be present in quantitatively insignificant 
amounts. The dinucleotide accounted in general for 70 to 90 per cent of 
the total riboflavin. 
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MECHANISMS OF CLEAVAGE OF GLUCOSE-1-PHOSPHATE 


By MILDRED COHN 
(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis) 
(Received for publication, April 14, 1949) 


In the most direct method for studying the mechanism of reactions 
involving the rupture of an oxygen bond, isotopic oxygen is employed 
as an indicator. ‘The first such study was made by Polanyi and Szabo 
(1) in the alkaline hydrolysis of a carboxylic ester in water containing an 


| excess of O8. They showed that the O' content of the alcohol formed 


in the hydrolytic reaction was normal in isotopic composition and hence 
did not originate from the water, thereby establishing unequivocally that 
cleavage occurred between oxygen and the carbon of the carboxyl group. 
Subsequently the mechanisms of a number of related reactions were 
similarly established, including acid hydrolysis of a carboxylic ester (2), 
the acid-catalyzed esterification reaction (3), the alkaline (4) and acid 
(5) hydrolysis of trimethyl phosphate, and the alkaline and acid hydrolysis 
of acetyl phosphate (6). 

This type of approach could ‘be of value in elucidating the detailed 
mechanisms of a multiplicity of reactions involving phosphate esters of 
biochemical interest. The present paper deals with a series of reactions 
of glucose-1-phosphate. It was thought of interest to compare the enzy- 
matic and non-enzymatic hydrolyses as well as the cleavage in some non 
hydrolytic enzymatic reactions. The reactions investigated in this 
manner include the hydrolyses catalyzed by acid, by an acid phosphatase, 
and by an alkaline phosphatase and two reversible reactions of glucose-1- 


| phosphate catalyzed by muscle phosphorylase and sucrose phosphorylase 
| respectively. 


Before embarking on a study of these reactions with O'8, it was necessary 
to devise a method for analyzing phosphate for its O'8 content. It was 


| also necessary to investigate the stability of the oxygen in phosphate with 
| Tespect to exchange with water under various conditions encountered in 





| these reactions. 


EXPERIMENTAL 


Preparation of KH:PO,8—To 1 mm of POs, approximately 3.3 mm 
of H,O"8 (1.343 atom per cent excess O"8) were added. After the violent 
teaction had subsided, the mixture was heated gently for a few minutes 
and allowed to cool. Enough 2 N KOH was then added to adjust the pH 
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to approximately 4.4. 2 volumes of ethyl alcohol were added to pre. 


cipitate KH.PO,. The precipitate was filtered, washed twice with ethy| 
alcohol, and twice with ether. The product was dried at 100° in vacup 
for 1 hour. This method of precipitating and drying KH2PO; was used 
in all subsequent experiments. 

Determination of O¥ Content of KH.PO,j8—2.5 mm of KH.PO,* pre 
pared above were placed in a tube which was sealed into a vacuum line 
shown in Fig. 1. After evacuation of the system, the equilibration Vessel 


B was cooled with dry ice and the orthophosphate sample in Vessel A was | 
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Fic. 1. Apparatus for dehydration of KH2PO, | 


converted to metaphosphate and water by heating gently with a mic 
burner until no more water was given off. The water was distilled into | 
Vessel B. The isotopic content of the water was determined by equilibre 
tion with CO, as described by Cohn and Urey (7). The equilibrated 
CO: was analyzed for its O' content with a mass spectrometer.! 

The O08 content of the water obtained from the dehydration of KH;P0, 
was found to be 0.502 atom per cent excess. The calculated value, assum- 
ing randomization of the four oxygens in phosphate, is 0.504 atom pe 


‘ A few of the analyses reported in this paper were made by the National Bureau 
of Standards and the remainder in a mass spectrometer of the Nier type (8). 
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cent excess, t.e., $ X 1.343 (the atom per cent excess of the water used 
to prepare the phosphate). Thus this method of preparation of labeled 
orthophosphate and this method of analysis of the O' content proved 
satisfactory. 

Control Experiments—The data available on exchange of phosphate 
with water are, at best, meager (9, 10). Table I gives the results of the 


TABLE I 
Control Experiments 





Atom per cent 
excess O18 in 











ment | Reaction mixture —- | Time KH2PO« 
No. SE 
| Initial | Final 
i | me min. | 
1 | 3mm KH.PO, + 10 cc. 0.3 n HCl 100 | #10 0.502 | 0.466 
2)3° “ +10 03" « | 100 , 24 | 0.431 | 0.422 
3/3 “ +10 “ 2n KOH ' 100 | 3 | 0.431 | 0.407 
4 |3* - + acid phosphatase in 20 ce. 25 24 =| 0.431 | 0.446 
solution, pH 5.2 
5 | KH.PO,, pptd. with Ba** and recovered | 0.358 | 0.389 
TaBLe II 
Hydrolysis Reactions of Glucose-1-Phosphate 
| Atom per cent excess in isolated phosphate 
Catalyst Sah Ou in Calculated ‘: 
} medium Found gs ; ie ‘tS, ; 
| C-O;P | cj)O-P 
Ee: 0.00 | 0.306 | 0 
1.236 0.02 | 0.309 | 0 
| UTE 1.009 0.207 0.252 | 0 
| 
0 


Alkaline phosphatase........... ze 0.9389 | 0.252 0.235 | 
exchange reactions studied. Phosphate exchanges only slightly even 
under rather drastic conditions (Experiment 2). The result of Experi- 
ment 1, z.e. the 7 per cent loss in O* concentration due to exchange of 
the free acid after 10 minutes at 100°, is probably too high, since subse- 
quent experiments in which this procedure was used did not show any 
observable exchange and the 24 hour experiment (Experiment 2) under 
the same conditions indicated a loss of about 2 per cent. The procedure 
of Experiment 5 was that used in most experiments to isolate phosphate; 
the phosphate was precipitated with Bat+ at approximately pH 8.3, 
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centrifuged, and redissolved in HC]. The Ba** was then removed with | 
K.SO,, the pH adjusted to about 4.4 with KOH, and the KH.PO, precipi- | 
tated in 66 per cent ethyl alcohol. This procedure seems to cause a slight 
increase in isotope concentration, which was also observed in other exper). 
ments in which this procedure was employed (see Tables II and If), 


Studies of Reaction Mechanism 





General Procedures—Two types of experiment were carried out. Ip | 
one type, exemplified by the hydrolysis reactions, the O' was initially | 
present only in the water of the medium. The inorganic phosphate ob. | 
tained in the reaction was dehydrated and the O* in the water obtained 
from dehydration of the phosphate was determined by 
with COs, as already described. 


equilibration 
In the second type of experiment, used 





TABLE III 


Phosphorylase Reactions 


Atom per cent excess 018 nal phosphate 
Atom per cent — : 
Enzyme _ excess O'8 in, Found ated 
. initial inorganic 
phosphate ' 

Inorganic |Glucose-1-P | C—O—I C—O—P 
Muscle phosphorylase 0.508 0.534 0.522 0) ().508 
Sucrose - 0.431 0.232 216 


0.228 Q) 0. 
in the study of the reversible phosphorylase reactions, the O" was ini- 
tially present in the inorganic phosphate. At the end of the reaction, 
the inorganic phosphate was separated from the glucose-1-phosphate 


and eventually both were obtained in the form of KH PQ,, which was | 


analyzed for O in the usual manner. 

Acid Hydrolysis—1 gm. of the dipotassium salt of glucose-1-phosphate 
was dissolved in 9.4 gm. of H,O (approximately 1.3 atom per cent excess), 
to which were added 1.1 gm. of a 20.26 per cent HCl solution. The reac- 
tion mixture was sealed in a tube and heated for 12 minutes at 100°. The 


tube was cooled in ice and 0.2 cc. of the mixture withdrawn for equilibre | 


tion with CO», so that the isotopic content of the medium could be deter- 
mined. 1.5 cc. of 2 N KOH were then added, the solution was distilled 
in vacuo at room temperature to a small volume (approximately 2 c¢.), 
and the phosphate precipitated as KH»POx,, as already described. 
dehydration, the phosphate turned brown, from which it was concluded 
that the phosphate had been contaminated with glucose. The exper 
ment was repeated and contamination was avoided in the second exper 
ment by ascertaining that all solid matter was completely in solution 





Upon | 








chl 
the 
rt 
an 


Qu 
ab 
pk 
pr 
ve 
th 


gh 


Wi 
Se 





M. COHN 775 


ed with | before precipitation with alcohol. As can be seen in Table II, the results 
precipi. | of both experiments are essentially the same. 
a slight Acid Phosphatase H ydrolysis—1 gm. of the dipotassium salt of glucose- 
* experi |-phosphate was dissolved in 20 cc. of a solution containing H,O%, 2 ce. 
nd [yy) | of an acid phosphatase preparation from prostate, and enough hydro- 
‘| chloric acid so that the final pH was approximately 5.3. The course of 
the reaction was followed by phosphate analyses (11). After 24 hours at 
ut, Jy | room temperature, the reaction had proceeded 70 per cent to completion 
initially | and showed no tendency to approach completion at an appreciable rate. 
rate ob. | After 26 hours, 0.5 cc. of the medium was withdrawn for analysis for 
btaine| | 0% content, the solution was distilled at room temperature in vacuo to 
ibration | about 3 cc., and the inorganic phosphate was precipitated with Bat*+ at 
nt, useq | PH 8.3. The precipitate was dissolved in hydrochloric acid and again 
precipitated with Bat* at pH 8.3. The barium phosphate was then con- 
' verted to the monopotassium salt in the usual manner. The results of 
| the isotopic analyses are given in Table II. 
| Alkaline Phosphatase Hydrolysis—1 gm. of the dipotassium salt of 
glucose-1-phosphate was dissolved in 9.5 cc. of 0.1 M veronal buffer in 
H,08, pH 9.0, and 0.5 ce. of a purified preparation of intestinal phosphatase 
cio-p | wasadded. The course of the reaction was followed by phosphate analy- 
— | ses. At the end of 1 hour, another 0.5 ce. of enzyme solution was added 
).508 | because the reaction was proceeding too slowly. After 24 hours at room 
216 | temperature, the reaction was about 93 per cent complete and a sample 
~ | was withdrawn for isotopic analysis of the medium. The phosphate was 
was ini | precipitated with Ba** and converted to KH2PO, in the usual manner, 
reaction, | and its O'8 content was determined. The analytical values for the O'% 
1osphate | content of the medium and phosphate are given in Table II. 
‘ich was | Muscle Phosphorylase Reaction—20 mM of KH»)PO, (0.51 atom per cent 
' excess 08) were dissolved in water; 4 gm. of glycogen and 0.313 gm. of 
1osphate | cysteme hydrochloride were added. The solution was adjusted to pH 
excess), | 7.3 with KOH and 2 cc. of a crystalline muscle phosphorylase a suspension 
‘he reac: | (12) were added. The total volume was 25 cc. Equilibrium between 
)°. The | the glucose-1-phosphate formed and the inorganic phosphate was attained 
quilibre | in 2 hours, as determined by phosphate analyses. The reaction was 
ye deter | allowed to proceed for 4 hours to insure complete equilibration of the 
distilled | oxygen. The two phosphate compounds were separated by a procedure 
y 2c), | previously described (13). The inorganic phosphate was precipitated 
Upon | twice as the barium salt and finally as the monopotassium salt. The glu- 
eluded | cose-l-phosphate fraction contained a small amount of inorganic phos- 
> exper | phate but no attempt was made to remove the contamination, since both 
1 exper: | fractions should have the same O* concentration at equilibrium. It 
solution | Was possible to determine the O8 content of glucose-1-phosphate by hy- 





osphate 


lated 








776 CLEAVAGE OF GLUCOSE-1-PHOSPHATE 





drolyzing it in acid and analyzing the inorganic phosphate formed, singe | 
it had already been shown that, in the acid hydrolysis of glucose-1-phos. | ™ 
phate, the oxygen is retained in the inorganic phosphate (see Table J], | ™ 
The glucose-1-phosphate was hydrolyzed for 10 minutes at 100° injy| ° 
acid to obtain its phosphate finally in the form of KH»PO,. The ge | @ 
concentration of the initial and final inorganic phosphate and of the phos. th 
phate of the glucose-1-phosphate formed is listed in Table ITI. th 
Sucrose Phosphorylase Reaction—It has been shown by Doudorof. 
Barker, and Hassid (14) that the enzyme sucrose phosphorylase effects 
an exchange of phosphate between glucose-l-phosphate and _ inorganic (1 
phosphate in the absence of an acceptor. The first step in any reaction 
catalyzed by this enzyme is the reversible cleavage of the phosphate bond, 
The simplest reaction in which to study this cleavage is therefore the 
exchange of phosphate between glucose-l-phosphate and inorganic phos | o1 
phate. However, since there is no net change in amount in the compo- 
nents of the reaction system, it was necessary to use radioactive P as an 
indicator for the extent of the reaction. | (3 
4 ec. of a dialyzed sucrose phosphorylase solution, prepared from 1,5 
gm. of dried bacteria essentially by the method of Doudoroff (15), wer | 
added to approximately 3 ma of the dipotassium salt of glucose-1-phos. | 
phate containing radioactive P and 3 mm of monopotassium phosphate | 
containing O"; the total volume was adjusted to 30 cc. After 17 hoursat | 
room temperature, the inorganic and ester phosphates were separated as | ™ 
in the preceding experiment with muscle phosphorylase. The radioactiy- | 
ity of each fraction was determined and the glucose-l-phosphate was 
found to have 6350 counts per minute per mg. of P and the inorganic phos. | 
phate 5950 counts per minute per mg. of P. These values indicated that 
the reaction had approached close to equilibrium. The O” analyses |. 
of the two phosphates as shown in Table III similarly indicate almost ( 
complete equilibration. 





H 

DISCUSSION | 

The mechanism of the rupture of the phosphate bond of glucose-1-phos- | 
phate depends upon the particular reaction and further varies with the | P 


experimental conditions of the same reaction. The acid-catalyzed hydroly- | 
sis proceeds through a C--Q—P cleavage. This cleavage is similar to | 
the acid hydrolysis of trimethyl phosphate (5), but opposite to that of 

carboxylic esters. On the other hand, the incorporation of O'8 from the 

medium into the inorganic phosphate during the hydrolysis catalyzed by 
acid phosphatase indicates that the major pathway of the reaction pr 
ceeds through the rupture of the C—O--P bond. The fact that the ir 
corporation of O'8 was about 20 per cent less than that calculated for this 
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mechanism may be due to partial hydrolysis by ordinary acid hydrolysis 
under the conditions of the experiment. This result gives direct evidence 
of an enzyme actually changing the mechanism of a reaction. Both the 
enzymatic and non-enzymatic hydrolyses proceed in acid solution and yet 
the mechanisms are quite different. The C--O—P rupture observed in 
the acid hydrolysis could have resulted from a water reaction (Reaction 1). 


OH OH 
HO-—Pt- _otr + OH. — HO—Pt—O- + ROH. 
(1) rie 
i O- 


ROH,.t — R—OH + H* 
or an acid-catalyzed reaction such as Reaction 2. 


OH OH OH 


| 
(3) HO—P*—O—R + Ht = HO—P*- o-Lr — HO-PF—O + BR 


| fang | 


or OH OH 
R*+ + H.O — R—OH + H* 


The enzymatic reaction may proceed by the type of acid-catalyzed reac- 
tion normally followed by carboxylic esters (Reaction 3). 


OH OH 


HO—P*—O-—R + H+ @ HO—P*—O—R 


O- OH 


(3) OH OH 
| | 


} | ; } 
HO—-P*+—OR + H.O = HO—P*—— O—R @ HO—P*t—O- + H+ + ROH 


OH 


| _* 4 
OH HO a OH 


or by a still unknown mechanism. 

In the enzymatic hydrolysis catalyzed by alkaline phosphatase, the 
cleavage also occurs between the oxygen and phosphorus (C—O-+-P). 
Thus, in so far as the position of bond rupture is concerned, the mechanism 
which obtains with the phosphatase from intestine acting at pH 9 is the 
same as the phosphatase from prostate which acts at pH 5. The alkaline 
phosphatase reaction conforms in mechanism to the non-enzymatic alkaline 
hydrolysis of phosphates, as shown directly for trimethyl phosphate (4) 
and indirectly for the phosphate esters of glucose (16). This mechanism 
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is the same as that found for the alkaline hydrolysis of carboxylic esters (1) 
and is usually as represented in Reaction 4. 


OH OH. OH 
HO—P*—O—R + OH- — HO—P ——O—R = HO—P*—OH + op 
(4) | a 
ti es O- OH O 


OR-~ + H.O — HOR + OH- 


In a study of the mechanism of the muscle phosphorylase reaction. 
both the rupture of the phosphate bond in glucose-1-phosphate and the 
rupture of the glucosidic bond of the polysaccharide in the reverse reaction 
may be determined. If inorganic phosphate is labeled with O* and in. 
cubated with glycogen in the presence of the enzyme, and the reaction js 
allowed to proceed to equilibrium, the O'8 will be retained by the inorganic 
phosphate and incorporated without loss in the glucose-1-phosphate only 
if the forward and reverse reactions do not involve a rupture of the bond 
between phosphorus and oxygen. On the other hand, if either or both 
reactions involve a split between phosphorus and oxygen, the O* will be 
lost to the medium and eventually will be completely equilibrated with 
the oxygen of the medium. , The experimental finding, that the O® con- 











tent of the inorganic phosphate and glucose-1-phosphate after equilibrium | 
has been reached is the same as the O concentration of the initial inor- | 
ganic phosphate, establishes the mechanism for these reactions as given | 


in Reaction 5. 


CH.OH CH,OH CH.OH 
" OH i 
O | we -Or 
oe “O—P*—OH + 4 ofa » -0 
Me 
(5) , : 
CH.OH CH.OH 


‘tei pin OH 





O- 

It has previously been demonstrated (13) that the sucrose phosphorylase 
and muscle phosphorylase enzymes differ fundamentally in their mode of 
action inasmuch as the former enzyme catalyzes an exchange between the 
phosphate of glucose-1-phosphate and inorganic phosphate in the absenee 
of an acceptor for the glucose, while the latter enzyme does not. However, 
the present study indicated that the mechanisms of the two enzymatit 
reactions do not differ in so far as the rupture of the oxygen bond is col 
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cerned. As in the case of the muscle phosphorylase, the mechanism. of 
both the forward and the reverse reactions was determined; namely, the 
cleavage of glucose-1-phosphate and the cleavage of the glucose-enzyme 
complex as represented in Reaction 6. 


“neagie - 
< het a + enzyme — 
(6) 
CH:0H OH 
O H | 
I nm 
, i enzyme + HO—P*t—OH 
; | 


o- 

The implications of these mechanisms on the steric course of such reac- 
tions are of some interest. In 1927, Robinson (17) suggested that the 
hydrolysis of phosphoric esters of carbohydrates would occur by the 
mechanism involving the C +0O—P split and would therefore be accom- 
panied by a Walden inversion, and furthermore that such a mechanism 
might account for the biological origin of p-galactose from the hydrolysis 
of glucose-4-phosphate. Heretofore, experimental verification of this 
suggestion has been sought by attempts to establish the occurrence or non- 
occurrence of a Walden inversion in the hydrolysis of sugar phosphates. 
No Walden inversion has been found to occur in alkaline hydrolysis (16) 
in which the split is probably C—O--P. In the hydrolysis of glucose-1- 
phosphate by acid and alkaline phosphatase, the rupture has been shown 
to be C—O--P and no inversion would occur. 

However, the question arises as to whether a reaction involving a 
C-+-O—P cleavage must necessarily be accompanied by a Walden in- 
version. In the present study, the c+O—P split has been found to occur 
in three reactions of glucose-1-phosphate, the acid-catalyzed hydrolysis, 
the muscle phosphorylase reaction, and in the sucrose phosphorylase reac- 
tion. In these two enzymatic reactions which proceed by a C--O—P 
cleavage, it is definitely known that no inversion takes place. In the 
muscle phosphorylase reaction, the reactant is a-glucose-1-phosphate and 
the polysaccharide end-product contains only a-glucose units. Similarly 
in the sucrose phosphorylase reaction, there is no change in configuration 
from a-glucose-1-phosphate to sucrose. Undoubtedly the participation 
of the enzyme in the reaction introduces steric constraints which maintain 


configuration in spite of conditions which would ordinarily lead to in- 
version. 
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In the acid-catalyzed hydrolysis reaction involving the rupture of a C—O 
bond, one might expect inversion to occur;? unfortunately, the rate of 
mutarotation is so rapid under the conditions of hydrolysis that it is jm. 
possible to establish the occurrence of inversion experimentally. Whether 
the results obtained with glucose-l-phosphate can be extended to other 
phosphate esters remains for further investigation. Glucose-1-phosphate 
is by no means a typical ester structurally and this fact is reflected in its 
relative lability towards acid hydrolysis and stability towards alkaline 
hydrolysis. However, if the acid hydrolysis of glucose-3-phosphate, fo 
example, proceeds by the same mechanism, one should probably be able to 
demonstrate inversion or loss of configuration. Should the enzymatic 
hydrolysis mechanisms found for glucose-l-phosphate with C—O--P 
cleavage prove to be universal, there could be no inversion induced by 
phosphatase action. 

SUMMARY 

The mechanisms of several reactions involving the cleavage of glucose-|- 
phosphate have been investigated with O%. A method was devised for 
analyzing phosphate for its isotopic oxygen content. It was found that, 
in acid hydrolysis, the rupture occurred between the carbon of glucose 
and oxygen but, in hydrolysis catalyzed by acid phosphatase or alkaline 
phosphatase, the bond between oxygen and phosphorus is ruptured. In 
the muscle phosphorylase and sucrose phosphorylase reactions, the 
rupture of the bond occurs between carbon and oxygen of glucose-l- | 
phosphate in the dephosphorylation reaction and the same bond rupture | 
is involved in the reverse reactions. Some of the implications of these 
cleavages on the mechanisms of the reactions are discussed. 





The author wishes to thank Dr. Gerhard Schmidt for supplying both 
the acid and alkaline phosphatases used in this study and Dr. W. Z. 
Hassid for the dried bacteria from which the sucrose phosphorylase prepara- 
tion was made. 
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THE CONVERSION OF METHIONINE TO CYSTINE IN A HUMAN 
CYSTINURIC* 
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RACHELE, anp VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, and the Department of Medicine, Cornell 
University Medical College, and The New York Hospital, New York City) 


(Received for publication, May 6, 1949) 


The opportunity of studying sulfur metabolism in a human cystinuric 
by the tracer technique with radioactive sulfur was presented to us recently. 
As a means of exploring the feasibility of this approach it was decided to 
extend to the human cystinuric the type of experiment already carried out 
upon canine cystinurics with radiomethionine; namely, the tracing of 
the sulfur of administered methionine to the excreted cystine by means of 
radiosulfur (1). 

Before administering the radioactive methionine to the patient con- 
siderable care was taken to assure us that the dosage employed was well 
within the tolerance suggested by Morgan and by Marinelli, Quimby, 
and Hine (2, 3). In addition, it was decided to employ our preparation 
of radiomethionine first on cystinuric dogs, which had been generously 


| placed at our disposal by Dr. Erwin Brand. Our results on dogs agreed 


with those reported by Tarver and Schmidt (1) and the details of this 


| experiment will therefore not be included in the present communication. 


The patient, a 24 year-old white woman weighing 50 kilos, was fed 
200 mg. of methionine containing 2.40 X 10’ counts per minute! of S*. 
It was calculated (3) that this dosage produced approximately 0.01 equiva- 


| lent roentgen per day. This was considered well within the limits of 


safety, since the maximum safe daily radiation tolerance is 0.1 equivalent 
roentgen (2,3). For a period of 6 days before and 5 days after the feeding 
of the radioactive methionine, the patient was kept on a low protein 
diet (50 gm. per day). A slight transitory fall in hemoglobin and red 
blood count and a fleeting manifestation of increased capillary fragility 
were observed. Throughout the course of the experiment the patient 


| was closely observed. She was followed in the hospital for 10 days, then 





*The authors wish to express their appreciation to the Lederle Laboratories 
Division, American Cyanamid Company, for a research grant which has aided 
greatly in this work. 

t Research Fellow, Institute of International Education. 

‘All the counts reported in this paper are the counts measured on the Geiger- 
Miller counter and corrected for background and self-absorption. They represent 
only a fraction of the absolute radioactivities of the samples. 
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as an outpatient at weekly intervals for 2 months, and at less frequent 
intervals for an additional period of 18 months. She will be continued 
under further observation. No ill effects were noted that could be gt. 
tributed to the isotope. 

The distribution of the sulfur in the urine as total sulfate, inorganic 
and organic sulfate, and cystine sulfur was determined daily for 4 days 
following the feeding of the radioactive methionine and the radioactivity 
of these various sulfur fractions was measured. For the determination of 
the radioactivity of the cystine fraction, the amino acid was isolated from 
the urine samples for the 4 days following the methionine feeding by the 
“washing out” technique. The total radioactivity in the urine and in the 
blood was measured at longer intervals after the feeding of the methionine 
for a period of 70 days. To obtain an index of the radiosulfur of the cystine 
of the tissues of the body, the axillary hair was clipped at the time of the 
feeding of the labeled methionine and again 20 days later, and the radio 
activity of the cystine isolated from the latter sample was determined, 


EXPERIMENTAL 








Synthesis of Methionine—124 mg. of radioactive barium sulfate wer | 
converted to benzyl f-chloroethyl] sulfide (crude) in 82 per cent yield | 


according to the directions of du Vigneaud and coworkers (4). The latter 
compound was diluted with 1.06 gm. of unlabeled benzy] 8-chloroethyl 
sulfide and converted to S-benzyl-pt-homocysteine in 63 per cent yield 
according to the directions of Kilmer and du Vigneaud (5). The labeled 


benzylhomocysteine was converted to analytically pure methionine in | 


74 per cent yield by the method of Patterson and du Vigneaud (6). The 
over-all yield of analytically pure methionine from barium sulfate was 
38 per cent. The methionine had an activity of 5.57 X 10° counts per 
minute per mg. of S on the day it was administered to the patient. 





Urine Analysis—The urine was filtered through a layer of Hyfo | 


Super-Cel and the latter was washed with about 50 ml. of 1.N hydro- 
chloric acid. The acid extract was added to the main filtrate. The 
washed Super-Cel did not contain any radioactive material. 

A 200 ml. aliquot of the 24 hour specimen was freed of phosphate (1,7 
by treating with 20 ml. of 12.5 per cent ammonium chloride, sufficient 
ammonium hydroxide to make the solution alkaline to phenolphthalei, 
and 3 gm. of magnesium carbonate. The mixture was diluted to 250 ml, 
shaken, and filtered after being allowed to stand for 1 hour. 

The total sulfur was determined in duplicate on 10 ml. aliquots of the 
filtrate by digesting with 10 ml. of Pirie’s reagent (8). The digestion 
was carried out in a 100 ml. Vycor evaporating dish on a sand bath. Whea 
the contents were dry (2 to 3 hours) the dish was slowly brought to red heat 
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with a Meker burner and allowed to cool for 1 minute. Then 2 ml. of 
Pirie’s reagent were added and the contents were brought to dryness 
again and ignited. The black residue was dissolved in 6 ml. of 6 N hydro- 
chloric acid and reevaporated to dryness. The brown residue was dis- 
solved in 20 ml. of water and the sulfur content was determined by titration 
of the benzidine sulfate precipitate according to Fiske (7). However, 
determination of the sulfur by precipitation of the sulfate as barium sulfate, 
followed by ignition and weighing (9), gave values which were consistently 


TaBLeE | 
Sulfur and Radioactiv ity Partitions in Urine of Cystinuric Given Labeled Methionine 
































Day 1 Day 2 Day 3 Day 4 
salar |ERSEt| sar Meta) suur [RSE savar [Bese 
Sulfur partition 
mg. | mg. | : mg. ae mg. | 
Total sulfur 189.0 100 | 308.0 100 | 434.0 100 | 315.5 | 100 
“~ sulfate 87.8 46 159.0 52 | 208.5; 48 | 160.0 | 5 
Neutral sulfur 101.2 54 149.0 48 225.5 | 62 155.5 | 49 
Cystine “ . 37.6 20 95.2 31 | 152.0 35 | 100.4 | 32 
morgan sulfate shew | came 29 187.0 44 | 183.0 42 | 144.0 | 46 
Radioactivity partition 
| Per cent | \Per cent \Per cent Per cent 
Counts of total | Counts | of total | Counts | of total! Counts | of total 
| per min. | adminis- | per min. | admin- per min. | admin- | per min. | admin- 
permg. | tered per mg. | istered | per mg. | istered | per mg. | istered 
Ss radio- | S | radio- | S | radio- S radio- 
| activity activity | activity | activity 
———_—___—__— | - == — -| a "eer aaa —— —EE _ | -_— ee — 
Total sulfur . ......, 16,900 | 13.30 | 1850 | 2.38 , 1000 1.80 | 693 | 0.90 
RGnate..... ...| 2,055 | 0.74 1210 | 0.82 598 | 0.53 | 422 | 0.29 
Neutral sulfur 29,700 | 12.54 25385 1.56 1372 1.27 | 972 | 0.61 
Cystine “ . .. 4,180! 0.66 | 1990 | 0.78 | 1260 | 0.78 | 950 | 0.40 
Inorganic sulfate....... 2,080 | 0.49 | 1295 | 9.74 613 | 0.45 | 430 | 0.25 





higher than those obtained by the Fiske method (compare with Pirie (8)). 
The values reported in Table I are those obtained by gravimetric determi- 
nation as barium sulfate. 

The total sulfate was determined in duplicate on 25 ml. portions of the 
phosphate-free urine filtrate. The sample was first hydrolyzed by adding 
5 ml. of 3 n hydrochloric acid and evaporating the solution to dryness on a 
steam bath. The black residue was stirred with 50 ml. of water and 
filtered. 20 ml. of this filtrate were used for sulfate determination by 
titration of the benzidine sulfate precipitate according to Fiske (7). In- 
Organic sulfate determinations were made in duplicate on 10 ml. portions 
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of the urine filtrate by the method of Fiske. The values are recorded jy 
Table I. Gravimetric determinations of inorganic and total sulfate gs 
barium sulfate gave values in close agreement with the values obtained by 
the titration method. , 

Cystine was determined on a 25 ml. portion of the original Super-(g 
filtrate. The cystine was precipitated as the cuprous mercaptide accord. 
ing to the method of Brand and coworkers (10), and the mercaptide was 
decomposed with hydrogen sulfide. The filtrate from the sulfide precipi. 
tation was concentrated to the original volume of the urine sample (|| 
and the cystine was determined by the Sullivan method (12), with a cystin 
standard. The values recorded in Table I are those carried out on sample 
that had been stored for 2 months in the refrigerator. The cystine content 
of a cystine standard, which had been stored with the urinary cystine 
samples, was found to be unchanged. 

Isolation of Cystine from Urine—To 400 ml. of urine were added { 
mg. of unlabeled L-cystine dissolved in dilute hydrochloric acid. The 
cystine was precipitated as the cuprous mercaptide and the latter was 


decomposed with hydrogen sulfide. The filtrate from the hydrogen sulfide | 


treatment was evaporated to dryness under reduced pressure. The residue 
was dissolved in 10 ml. of 1 N hydrochloric acid, treated with norit, and 
filtered. A dilute alcoholic solution of iodine was added to the filtrate 


until a test with sodium nitroprusside was negative. Cystine was seps- | 








rated by isoelectric precipitation, redissolved in 0.5 Nn hydrochloric acid, | 


and reprecipitated with ammonia. ‘The samples were recrystallized three 
or four times. The sulfur content of these samples differed by less than | 
per cent from the theoretical values. Occasionally samples of cystine 
contained traces of copper which were removed by retreatment with hy- 
drogen sulfide followed by recrystallization of the cystine. From the 
radioactivity of these recrystallized cystine samples, it was possible to 


calculate the radioactivity of the cystine in the urine samples. Thes | 


latter values are recorded in Table I. 


Isolation of Cystine from Hair—To the axillary hair (31 mg.) were | 
added 30 mg. of unlabeled L-cystine. The mixture was heated under s | 


reflux for 20 hours with 8 ml. of a 1:1 hydrochloric acid-formic acid mi 
ture (13). Cystine was isolated as the cuprous mercaptide (13, 14), 
which was treated as described in the procedure for the isolation of cystine 
from urine. From the radioactivity of this cystine sample, the radic- 
activity of the sulfur in the axillary hair was determined. ‘The values 
recorded in Table IT. 

Determination of Radioactivity—Radioactivity determinations on the 
total sulfur, organic sulfate, and the inorganic sulfate fractions of the urine 
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were made on the same samples used for sulfate determinations by the 
method involving titration of the benzidine sulfate precipitate. The ben- 
zidine was removed by filtration and the sulfate was precipitated as ben- 
zidine sulfate from aliquots of the filtrate containing 1 mg. of sulfur. The 
cystine samples isolated from the urine were oxidized by the Carius method 
and the sulfate was precipitated as benzidine sulfate. For the determi- 
nation of the total radioactivity in the urine samples for the 13th, 20th, 
40th, and 70th day, the samples were oxidized with Pirie’s reagent and the 
sulfur was precipitated as benzidine sulfate. The precipitates were filtered 
and collected by the method described by Henriques and coworkers (15). 

The radioactivity measurements were made with the use of a thin 
mica window (2 mg. per sq. cm.) bell-shaped Geiger-Miiller counter (15) 





TABLE II 
Radioactivity Measurements of Urine, Blood, and Hair 
Urine Blood Hair 
Day ng Bie be 
Counts per min. Total sites! pie Pe AB Counts per min. , Counts per min, 
per mg. S | radioactivity per ml. per mg. S 
mg. 
13 294 488 0.67 
20 255 574 0.72 615 703 
40 103 632 0.38 474 
271 


70 56 610 | 2 0:25 





and a scaling circuit. The radioactivity values were corrected for back- 
ground and self-absorption (16, 17). 

Blood—A 2 ml. oxalated blood sample was oxidized according to the 
method of Stockholm and Koch (18). The sulfate was precipitated as 
barium sulfate, which was collected for radioactivity determinations by 
the same procedure as was used for the benzidine sulfate. The radio- 
activity values for blood samples taken on the 20th, 40th, and 70th day 
after the feeding of the radioactive methionine are given in Table II. 

Non-Identity with Methionine of Radioactive Material in Neutral Sulfur 
Fraction—The method of paper chromatography as applied to biological 
fluids by Dent (19) was employed in preliminary experiments. The 
urine sample (0.1 ml.) was placed evenly across a strip of No. 1 Whatman 
filter paper about 6 cm. from the end which was dipped into the solvent, 
and the latter was allowed to flow down over the paper. The paper was 
dried, developed with ninhydrin, and cut into sections. Each section was 
placed under the mica window of a Geiger-Miiller counter to determine 
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activity. Whena0.1 ml. urine sample containing 25 7 of added methionine 
was chromatographed with collidine (saturated with water) as the solvent, 
the active material was located near the point of application of the sample 
Ry about 0.05, whereas the methionine traveled farther down the strip 
(Rr 0.45). A similar separation of added methionine and the active 
material in the urine was effected with use of butanol (saturated with 
water) as the solvent. The activity on the strip was located at the point 
of application of the sample; methionine Rr 0.11. When phenol (saturated 
with water) was used as the solvent, the active material moved approvi- 
mately 0.85 of the total distance traveled by the solvent. The strip 
showed no color at this point after being developed with ninhydrin. 
RESULTS AND DISCUSSION 

These data demonstrate the incorporation of the sulfur of ingested 
methionine into tissue and urinary cystine in a human cystinuric. This 
supports the findings of Brand and others (20-22). . 

During a period of 4 days after the ingestion of the labeled methionine, 
2.6 per cent of the radiosulfur was excreted in the form of cystine. A 
total of 18.4 per cent of the administered radiosulfur was excreted during 
these 4 days, 13.30 per cent being excreted during the Ist day after the 
feeding of the radioactive methionine. There was a slow loss of isotope 
into the urine during the following 2 months. 


The results are comparable with those obtained in work with cystinuric | 


dogs. Tarver and Schmidt (1) administered radioactive methionine intre- 
venously and subcutaneously to two cystinuric dogs. 6.11 and 12.2 
per cent, respectively, of the radioactive sulfur of the administered methi- 
onine was excreted during a period of 4 days, 0.18 and 0.31 per cent, re 
spectively, in the form of cystine. The percentages of the radiosulfur 
excreted during the Ist day after administration of the radioactive methi- 














onine were 2.78 and 6.93 per cent, respectively. In experiments conducted | 


in this laboratory with two cystinuric dogs, it was found that 11.8 and 
16.1 per cent, respectively, of the radiosulfur of ingested methionine was 
excreted during a 4 day period, 0.37 and 1.60 per cent, respectively, 
being present in excreted cystine. 

As in the work with cystinuric dogs it was found that the inorganic 
sulfate and the total sulfate fractions from the urine of the human cys 
tinuric had very nearly the same radioactivity. Also, the activity d 
the neutral sulfur fraction was greater than that of the cystine sulfur. 
Experiments with paper chromatograms indicated that this additional 
activity in the neutral sulfur fraction was not due to appreciable methi- 
onine. It is hoped that this aspect of the problem will be explored further. 
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SUMMARY 


Radioactive methionine, containing approximately 100 uc. of S®, was 
fed to a human cystinuric without harmful effects. Cystine was isolated 
from the urine and from newly grown hair and was found to be radio- 
active. 

Most of the radioactive sulfur (81.6 per cent) was retained by the sub- 
iect during a period of 4 days, only 18.4 per cent being excreted. 2.6 
per cent of the administered radiosulfur was excreted in the form of cystine 
during the first 4 days after the administration of the methionine. During 
the Ist day after the feeding of the radioactive methionine, 13.3 per cent 
of the radioactive sulfur was excreted. There was a slow loss of isotope 
into the urine for a period of 70 days, at which time the experiment was 
terminated. 

The radioactivity of the neutral sulfur fraction of the urine was greater 
than that of the cystine sulfur. Preliminary experiments with paper 
chromatograms have indicated that this additional activity was not due 
to excreted methionine. 

The results are compared with those obtained in experiments with 
eystinuric dogs. 


The authors wish to express their appreciation to Mrs. Augusta Strong- 
man Alba for aiding with the sulfur determinations. 
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THE HEXOKINASE OF THE RAT ERYTHROCYTE AND THE 
INFLUENCE OF HORMONAL AND OTHER 
FACTORS ON ITS ACTIVITY* 
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An impetus to the study of the interaction of hormones and enzymes has 
been given by the recent investigations reported by Cori and coworkers 
(3, 5, 14, 15). Their findings suggest that insulin, a pituitary hormone, 
and a hormone from the adrenal cortex are intimately involved in carbo- 
hydrate metabolism, in part at least, through their controlling action on 
the activity of hexokinase. This enzyme catalyzes the formation of 
hexose-6-phosphate from glucose and adenosine triphosphate, a reaction 
which is the initial step in glucose utilization by the living cell. Now 
unfortunately, the investigation of this system of interacting components 
in vitro is complicated by the lability of several of the actors, especially so 
in the crude tissue extracts which have served as a source of the enzyme. 
As a consequence, we find that a reproducibility of results from experi- 
ment to experiment or from laboratory to laboratory has not been achieved 
(2, 12, 16, 19). 

It occurred to us that the use of the erythrocyte as a source of the 
enzyme system might eliminate some of the uncertainties attendant upon 
employment of other tissue extracts. The presence in the red blood cell of 
hexokinase was first indicated by Meyerhof (11), and has been most 
recently confirmed by Speck and Evans (18). In addition, it is well 
known that glucose is converted quantitatively to lactic acid in the red 
cell and that enzymes for the conversion of glucose to glycogen or the 
further metabolism of lactate appear to be absent. Thus, the erythrocyte 
would appear to be the simplest mammalian cell available for a study 
of hexokinase activity. 

We present here investigations on the hexokinase activity of hemolysates 
of erythrocytes obtained from normal, diabetic, and hypophysectomized 


rats along with observations on the effect of various hormone preparations 
upon them. 


* Aided in part by a grant from Eli Lilly and Company. 
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EXPERIMENTAL 

As has been previously indicated, earlier studies have clearly demop. 
strated the presence of hexokinase activity in red cell hemolysates. Oy 
chief concern, therefore, was first the development of a reproducible system 
of maximum activity. The nutritional status of the animal, the effec 
of anticoagulants, the presence or absence of plasma (represented by the 
number of times the red cells were washed), the duration of hemolysis 
the temperature at which the washing and hemolysis were performed, 
the effect of fluoride and iodoacetate upon the final reaction, and the ideal 
concentration of other substances required in the final manometric re. 
action mixture were investigated as factors that might affect the rate and 
specificity of the reaction. These studies led to the establishment of the 
following routine method of preparation. 

Only rats of the Wistar or Sprague-Dawley strains have been employed, 
Blood was obtained by cardiac puncture and withdrawn into a syringe 
containing 0.1 ml. of heparin as an anticoagulant. After inversion of the 
syringe to mix the blood and heparin, its contents were discharged into a 
centrifuge tube immersed in an ice bath. A volume of cold isotonic saline 
equal to 3 times the original blood volume was added and the mixture 
thoroughly agitated. Centrifugation was performed in a 5° cold room; 
the clear supernatant was removed and the same washing process repeated 
twice. After removal of the supernatant of the third washing, the red 
cells were hemolyzed by the addition of twice their volume of cold distilled 
water. A period of 15 minutes was allowed for this operation which was 
carried out at a temperature of —2°. The material was then centrifuged 
at high speed in the cold to remove the cell stroma and the crystalline 
hemoglobin which precipitated as a result of this treatment. The final 
supernatant represents the preparation used. Although the amount of 
hemoglobin which it contained varied from preparation to preparation 


(influenced by the exact temperature of the bath and oxygen saturation d | 


the hemoglobin), the major portion was removed in most instances, leaving 
a slightly pink tinged solution. Enzyme activity was determined mano- 
metrically according to the technique of Colowick and Kalckar (4). In 
these studies of activity, the Warburg vessels were set up as in Table] 
unless otherwise noted. 


Adenosine triphosphate (ATP) was prepared by us from fresh rabbit | 


muscle according to the techniques described by Lohman (10) and by 
LePage (9). Its purity, as judged by the content of hydrolyzable phos 
phorus, varied between 85 and 90 per cent. 

Determinations were carried out at 37.5°. The flasks were equilibrated 
with 95 per cent N.-5 per cent CO: for a period of 10 minutes, the cocks 
were then closed, and the manometers read until a steady state had beet 
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attained, usually 10 minutes. Thereafter, the contents of the side bulbs 
were tipped and the CO, evolution measured at 10 minute intervals for a 
total of 1 hour. 

Since we are dealing primarily with a comparison of rates of reactions, 
all results are expressed as c.mm. of CO: evolved during the 1st hour of the 
reaction only. As can be seen from the data presented in Fig. 1, the rate 
of reaction begins to decline towards the end of the 1st hour period. 

In order to determine whether or not phosphorus actually was being 
transferred from ATP to glucose with the formation of glucose-6-phosphate, 
adenosine diphosphate (ADP), and the evolution of stoichiometric quanti- 
ties of carbon dioxide, a series of partition studies was performed. Glucose, 


TABLE I 
Contents of Warburg Vessels 


Total final 
Reagent | Concentration) Amount | concentration 
| | after mixing 
' 


ml, 
Main compartment | NaHCO; 0.2 M 0.5 | 0.033 m 
NaF 0.5 “ 0.2 | 0.0383 “ 
Glucose 2% 0.1 66 mg.% 
Hexokinase preparation 1.0* 
Side bulb ATP | 0.04 w 0.2 0.0026 
| NaHCO, 0.1 “| 
| MgCl. ee op 


0.0033 « 





Water added to final volume of 3.0 ml. 





ATP added as neutral sodium salt. Final pH of gas-equilibrated mixture 7.5. 
* Equal to content of 0.33 ml. of packed red cells. 





inorganic phosphorus, readily hydrolyzable phosphorus, and total phos- 
phorus concentration were determined in the reaction mixture initially and 
after various periods of activity during which time CO, evolution was 
measured. Glucose was determined by the Nelson method (13) with 
the Ba(OH).-ZnSO, precipitation technique described by Somogyi (17). 
Al ml. aliquot was used. It has been shown that glucose-6-phosphate is 
eliminated as a reducing substance in this technique (3). Phosphorus 
determinations were done according to the method of Fiske and Subbarow 
(7) on trichloroacetic acid filtrates. Easily hydrolyzable phosphorus was 
considered to be that released by 7 minutes exposure at 100° in 1 n HCL. 
The results of these partition studies are presented in Table II. Prelimi- 
nary studies comprising the addition of known amounts of acid to the com- 
plete reaction mixture had indicated that no significant corrections were 
necessary for the retention of CO». 
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Examination of these data reveals that the reaction is characterized by 
a decrease in hydrolyzable phosphorus and an increase in inorganic plug 
organic phosphorus which is almost exactly equivalent. The major por. 
tion of the hydrolyzable phosphorus which disappears is represented by an 
increase in organic phosphorus, signifying a transfer of this element frop 
ATP to glucose. The CO, produced and the decrease in hydrolyzable 
phosphorus are roughly equivalent to each other but somewhat greater 
than the increase in organic phosphorus and utilization of glucose. The 
latter is definitely smaller than the decrease in hydrolyzable phosphors 
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50 
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Fic. 1. Manometrie time course of hexokinase reaction. Reaction mixture as 














described in text except as noted. Curve 1, fluoride omitted; Curve 2, all components | 


present; Curve 3, glucose omitted. 


However, if the increase in inorganic phosphorus is subtracted from the 
decrease in hydrolyzable, the resultant value is fairly close to the increas 
in organic phosphorus and glucose utilization. On the basis of this ev- 


dence, it appears logical to assume that the major reaction is a phosphoryl | 
tion of the glucose and that the evolution of CO: is a reasonable index to | 


the decrease in hydrolyzable phosphorus and the disappearance of glucose 
A significant amount of inorganic phosphorus is produced in the reaction. 
It is impossible to say whether this is due to hydrolysis of ATP or d 
glucose-6-phosphate. In the two instances in Table II in which the 
reaction was allowed to proceed to equilibrium, only one-half of the avail- 
able hydrolyzable phosphorus had been utilized. This may be taken 
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further proof of the specificity of the reaction, indicating that all ATP 
had been converted to ADP and that the reaction had proceeded no further. 
Also, as can be seen from the data given in Table II, in the absence of 
fuoride phosphatase activity is uninhibited and, as a consequence, large 
amounts of inorganic phosphorus and CQ, appear, but little organic phos- 
phorus. Furthermore, in the absence of the normal substrate, glucose, 
little or no change occurs. The small amount of organic phosphorus 
appearing can be attributed to the presence of small amounts of glucose in 
the hemolysate. A detectable concentration was always present despite 
the washing of the cells. 


TABLE II 


Changes in Phosphorus, Glucose, and Carbon Diozide during Manometric 
Determination of Hexokinase Activity 


All values expressed in micromoles. 




















7 | De- | In- i | 
uX- | crease | crease crease CO: Glu- 
|} peri- | in ns in | * a cose | S f “ti 
ment | raise | iB0Kc jonganic| duced | pty | See “ssa 
| i ae 
Normal reaction 1 | 5.83 | 1.87 | 4.62 | 5.72 Equilibrium 
2 | 6.84 | 2.03 | 4.55 | 5.67 | “ 
| 3 |5.90| 1.06 | 4.75 | 4.95 | 3.34 | 1 hr. 
4 | 4.07 | 0.90 | 3.16 | 4.28 | 3.72 | 1 « 
| 5 | 3.45 | 0.74 | 2.71 | 4.86 | 3.27) 1 “ 
6 | 5.61 | 1.70 | 4.73 | 4.80 (4 
| | | aa — — ee 
re | 5.28 | 1.38 | 4.09 | 4.96 | 3.44 | 
| | | a Al ss - 
Normal reaction with- | | 
out fluoride | 3b | 6.94 | 4.97 | 1.74 | 6.97 | 1 hr. 
Normal reaction with- | 
out glucose addition | 3c | 1.94 ‘12.42 | 0.48 | 0.31 + a 





The kinetics of the normal reaction are shown in Fig. 1. As would be 
expected from the partition data, an excess of CO is produced in the absence 
of fluoride and in the absence of glucose essentially no reaction occurs. 
The decrease in the rate of reaction in the complete system over a period 
of time can be attributed to the decrease in concentration of ATP. If 
followed long enough, an equilibrium state is eventually achieved. As 


| emphasized previously, it is the rate of the reaction in which we are inter- 


ested. Therefore, readings during the Ist hour of the reaction are of the 
greatest value for our studies. 

The activity of the enzyme preparation on various monosaccharide 
substrates is presented in Fig. 2. Maximum activity is obtained in the 
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presence of glucose, followed by mannose and fructose in order of decreasing 
activity. The enzyme apparently does not phosphorylate galactose, sings 
the base-line activity of the enzyme preparation is unaffected by the 
addition of this substrate. The fact that the activity is no greater in the 
presence of both glucose and fructose than in the presence of glucose alone 
may be taken to indicate that the same enzyme acts upon glucose and 
fructose. Using the rates of reaction for the 30 to 60 minute period show 
in Fig. 2, we may calculate that the relative rates of reaction of glucoge, 
mannose, and fructose are as 1.0:0.77:0.36. Apparently, the character. 
istics of this enzyme are considerably different in respect to its activity 
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Fic. 2. Hexokinase activity with various hexoses as substrates. Curve 1, glucose 
final concentration 66 mg. per cent; Curve 2, glucose, final concentration 33 mg. per 
cent + fructose, final concentration 33 mg. per cent; Curve 3, mannose, final con- 
centration 66 mg. per cent; Curve 4, fructose, final concentration 66 mg. per cent; 
Curve 5, galactose, final concentration 66 mg. per cent; Curve 6, no hexose added. 


Ss 





upon various monosaccharides from that obtained from yeast or from 
other animal tissues (1, 6, 8). 

During the preliminary stages of this investigation, it was observed that 
the enzyme activity of hemolysates varied with the number of times the 
red cells were washed. This suggested that plasma had an inhibiting 
effect upon the enzyme activity, which proved to be the case. The magni 
tude of this inhibition is illustrated in Fig. 3. This same effect was te 
produced by the addition of serum from either clotted or defibrinated mt 


blood. The inhibiting agent was destroyed by boiling. It was repeatedly | 


demonstrated, however, that after three washings of the erythrocytes 
maximum enzyme activity in the hemolysates was achieved and further 
cell washings were without effect. That inhibition by plasma is not die 
to a non-specific protein effect such as a buffering action is shown by the 
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fact that the addition of purified serum albumin or crystalline hemoglobin 
in comparable amounts caused no similar retardation of the reaction. 


100 


ie 
3 





Bas 4 1 1 A 4 


20 40 60 
MINUTES 


Fig. 3. Hexokinase activity of hemolysates from rat red blood cells as affected 
byplasma. Curve 1, hemolysate from cells washed three times; Curve 2, hemolysate 
asin Curve 1 plus 0.2 ml. of rat plasma; Curve 3, hemolysate as in Curve 1 plus 0.4 
ml. of rat plasma; Curve 4, hemolysate from unwashed cells. 





Tasce III 
Effect of Cations on Hexokinase Activity 

The activity values given are the average of duplicate analyses for the Ist hour 
of the reaction. The cation concentrations were calculated from the amount and 
strength of reagents added; the red blood cell hemolysate was assumed to yield 
K equivalent to a final concentration of 0.012 m. The experimental procedure was 
as described in the text, except that NaCl or KCI was added to those vessels with 
the highest salt content, and in those vessels with high K content all reagents except 
ATP were added as the potassium salts. 








Final molar concentration Activity, c.mm. COs per hr. 

. “, Sn, . 2D i, Experiment1 | Experiment 2 
0.077 0.012 0.089 117 102 
0.148 0.012 0.160 78 80 
0.010 0.079 0.089 9] 90 


0.010 0.150 0.160 67 75 


Another factor that was found to influence the rate of reaction was the 
tation composition of the test system (cf. Table III). If NaCl or KCl 
were added to the test system in quantities sufficient to raise the total 
ionic strength to that encountered physiologically, then the activity was 
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appreciably lowered. Also, a shift from a medium with sodium as th 
predominant cation to one mainly potassium caused a decrease in activity 
This latter effect was, however, more noticeable at lower total salt concen, 
trations. No studies of variations in the anion composition of the mediy 
were made. 

With these basic studies to guide us, we next proceeded to the investig,. 
tion of hexokinase activity in various abnormal physiological states, 4 
necessary preliminary to this, however, was the establishment of a bag. 
line level for the normal rat. In a series of thirty-two normal rats, jp 


TaBLe IV 
Effect of Insulin and Adrenal Cortical Extract on Hexokinase from Normal Rat 
Erythrocytes 
All values are the average of duplicates and are expressed as c.mm. of CO; py 
hour. The experimental conditions were as described in the text, except for the 
addition of the hormones to the main compartment of the vessels 


Experiment No. No addition With insulin* With ACEt 


Hemolysate of washed cells 


l 96 95 12 
2 110 110 107 
3 106 103 108 
4 117 112 115 


Hemolysate of unwashed cells 


5 66 64 62 
6 85 86 33 
e 64 66 62 
8 47 49 51 


* 100 y per vessel; Lilly, crystalline. 
+ 0.1 ml. per vessel; Upjohn, alcoholic extract. 


which no selection was made other than that previously mentioned, | 


mean value for the hexokinase activity of 97 e.mm. of CO: per hour was 
obtained under the test conditions previously outlined. ‘The standar 


deviation was +12.25. These values serve to indicate that the hexokinas | 


activity was fairly constant from rat to rat, showing a typical biologic 
scatter. In all later studies, it is assumed that the limits of normality ar 
well defined by these values. 

The lack of effect of insulin and adrenal cortical extract upon the enzyme 
preparation from the normal animal is indicated by the data in Table IV 
The possible effect of these hormones upon the hemolysates from unwashel 
cells was also investigated, since there existed the possibility that the plasm 
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inhibiting factor might be pituitary in its origin. The fact that the 
plasma inhibiting effect is not released by the addition of insulin strongly 
suggests that this is not the case. Moreover, the inhibition by the plasma 
factor is not potentiated by addition of adrenal cortical extract. 

Table V contains the data obtained from studies of diabetic rats. The 
animals were made diabetic by the intravenous injection of alloxan (40 
mg. per kilo) after a 24 hour period of fasting. Thereafter they were 
allowed food and water ad libitum, except for the period 24 hours prior to 
cardiac puncture. Animals were not used until at least 5 days had elapsed 


TABLE V 
Hexokinase Activity of Hemolysates of Washed Erythrocytes from Hormone-Deficient 
Rats 
All values are the average of duplicates and are expressed as c.mm. of CO: per 
hour. Experimental conditions the same as for Table III. 


























[Experiment] Biood glucose | No addition | With insulin* | With ACEt 
Te mg. per cent 
Diabetic ge. 480 61 59 57 
2 330 84 | 90 84 
3 402 95 97 95 
4 350 95 94 93 
5 270 80 80 83 
6 340 108 99 99 
7 340 117 111 91 
8 320 85 87 92 
Hypophysectomized Ri 91 104 | 
eae 9 | 86 88 
| 3 | 100 104 «=| 890 «| (8S 





*100 y per vessel; Lilly, crystalline. 
+0.1 ml. per vessel; Upjohn, alcoholic extract. 


from the time of the injection of alloxan. Sugar was estimated on aliquots 
of the blood used for the enzyme preparations. It is apparent that the 
hexokinase activity of hemolysates from diabetic rats was not significantly 
different from that of the normal animals. Furthermore, the addition of 
insulin and adrenal cortical extract to these hemolysates also did not alter 
the hexokinase activity. Though data are not given, it was also found 
that unwashed red cells of the diabetic animal yielded hemolysates showing 
no essential difference from those obtained from unwashed normal cells. 
The data obtained on hypophysectomized animals! are also given in 
Table V. The animals used showed the typical stigmata of hypophysec- 


‘We are indebted to Dr. Roy O. Greep for his kindness in performing the operation 
on these animals. 














800 HEXOKINASE OF ERYTHROCYTE 


tomy, z.e., long, silky hair, poor appetite, low activity, and atrophie 
adrenals on autopsy. Blood samples were not drawn until at least 
weeks after the operation. The hexokinase activity of hemolysates pr. 
pared from their blood showed no significant variation from those obtaingj 
from normal animals. Addition of insulin or adrenal cortical extract wa 
also without effect upon these hemolysates. Though data are not give, 
it was found that the plasma of hypophysectomized rats inhibited the 
hexokinase reaction to approximately the same extent as observed fo 
normal plasma. This constitutes further proof that the plasma inhibiting 
factor is not pituitary in origin. 


DISCUSSION 


From the results presented, it is clear that we have not been able ty 
demonstrate any effect of hormones from the pancreas, adrenals, or pitui- 
tary upon the activity of hexokinase obtained from the rat red blood cell 
Wherein lies the cause of the difference between our observations and tho 
of Cori et al. (3, 5, 14, 15), we cannot say. We feel reasonably certain that 
the method we have employed gives a true index to the activity of the 
hexokinase enzyme. Several possible explanations for the difference in 
results suggest themselves. First, the hexokinase of the red blood cel 
may be different from that found in muscle in that it is not under hormone 
control. In this connection, « comparison of the hexokinase activity 
of various tissues including malignant might be instructive. A second 
possibility is that the labile pituitary factor which Cori and coworker 
found inhibitory to hexokinase had undergone destruction before our 
measurements were begun. We can only state that the lability of this 
pituitary factor has been uppermost in our minds throughout this work, 
and we have endeavored to work as rapidly as possible and at low temper 
atures in order to minimize such destruction. Indeed, the observation 
that washing red cells increased the hexokinase activity of the subsequent 
hemolysates suggested at first that the destruction of a labile pituitary 
factor was being encountered. However, the results we have presented 
do not seem to support this interpretation. 

We do feel that it is important to emphasize that in a study of this sort 


one runs into a dilemma which certainly we have not resolved to our own 
satisfaction. We are concerned in this study with the relative rates of at | 


enzymatic reaction. In setting up our enzyme test, we have followed the 
usual procedure of the enzyme chemist of choosing the conditions for the 
test which give the maximum rate of reaction. Is such a procedure just: 
fied in a study of the type we present here? Would it not be better t 
employ conditions which duplicate the level of activity found for the 
enzyme in the intact cell? If the answer is yes, as we are inclined t0 
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believe, then the achievement of such conditions in a cell-free environ- 
ment presents quite a problem. In the case of the rat red blood cell, 
this dilemma is pointed up by the following facts. Under the conditions 
of our test, the hemolysates from 1 ce. of red blood cells cause the dis- 
appearance of about 10 um of glucose per hour. In rat whole blood, 
glucose utilization in vitro at 37.5° is approximately one-third of this value 
for a like number of red cells. It is obvious that in the study presented 
here the enzyme has been operating at a rate which is much nearer its 
maximum activity than is found within the intact red cell. It is thus 
possible that the only rate change to be observed under such conditions 
would be a diminution in rate. This being the case, it is the more un- 
fortunate that the hormone reputed to effect the inhibition of hexokinase 
is also the least stabile of those under study. 

We have more recently attempted to overcome the dilemma discussed 
above by studying the rate of glucose utilization by the intact rat red 
blood cell. In the experiments performed to date, we have duplicated most 
of the variation in hormone imbalance described here without, however, 
as yet achieving any alterations in the glucose utilization rate by the intact 
red blood cell. 

Two factors which do affect the rate of hexokinase activity in hemolysates 
have been described here. These are a decrease in activity caused by 
(1) an increase in ionic strength, and (2) by the presence of plasma in the 
test system. It is thus obvious that this enzyme system is sensitive to 
minor changes in its environment which are apparently not related to hor- 
mone action and, therefore, such factors should be considered in any studies 
made on the hexokinase activity of other tissues. 


SUMMARY 


1. The hexokinase activity of hemolysates of rat red blood cells has 
been studied by a manometric technique. Chemical analyses for glucose 
and phosphorus compounds have shown that the following equation is 
satisfied during the reaction. 


NaHCO; + glucose + ATP —> glucose-6-phosphate + ADP + CO, 


2. Mannose and fructose, but not galactose, can replace glucose in the 
reaction. The relative rates of phosphorylation of glucose, mannose, and 
lractose are in the ratio of 1.0:0.77:0.36. 

3. The reaction is inhibited by plasma and it is necessary to wash red 
blood cells three times before hemolyzing in order to obtain maximum 
hexokinase activity. The plasma factor does not appear to be pituitary 
in origin. Increasing salt content of the reaction mixture also retards 
the reaction. 
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4. The activity of the enzyme as obtained from normal rats is po 
affected by the addition of insulin or adrenal cortical extract. Enzyny 
preparations from diabetic or hypophysectomized animals show no essentig| 
variation in activity from those of normal animals and are also unip. 
fluenced by hormone additions. 
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THE FATE OF UTILIZED MOLECULAR OXYGEN AND THE 
SOURCE OF THE OXYGEN OF RESPIRATORY CARBON DI- 
OXIDE, STUDIED WITH THE AID OF HEAVY OXYGEN* 


By NATHAN LIFSON, GEORGE B. GORDON, M. B. VISSCHER, ann A. O. NIER 


(From the Departments of Physiology and Physics, University of Minnesota, 
Minneapolis) 


(Received for publication, April 21, 1949) 


The present investigation was undertaken in an attempt to elucidate 
the fate of utilized molecular oxygen and to identify the source of the 
oxygen in respiratory carbon dioxide in the intact animal. As will be 
shown later, it is believed that erroneous conclusions were drawn from 
the only previous study with O'* as a tracer in connection with this prob- 
lem. 

Current concepts of the mode of oxidation in the animal body hold 
that the fate of molecular oxygen is to combine with hydrogen from sub- 
strates to form water.! Therefore, an animal breathing labeled oxygen 
should produce labeled water. The isotopic water thus formed would be 
added to the pool of already existing body water, increasing the isotopic 
concentration of the latter progressively with time. 

The question of the source of oxygen in respiratory carbon dioxide 
may be conveniently discussed in terms of the conventional equation for 
the complete oxidation of glucose: 


C;HwOs + 602 — 6CO. + 6H.0 (1) 


Clearly, at least one-half of the oxygen in the carbon dioxide thus 
arising must come from some source other than the glucose itself. Ac- 
cording to present concepts, carbon dioxide is released by decarboxylation 
and the extra oxygen in the carbon dioxide is previously introduced, not 
from molecular oxygen, but from body water. Hence glucose oxidation 
in the presence of labeled molecular oxygen and normal body water should 
form carbon dioxide entirely free of label; but glucose oxidation in the 
presence of normal molecular oxygen and isotopic water should yield 


*This work was supported in part by grants from the Graduate School of the 
University of Minnesota and from the American Cancer Society on the recommenda- 
tion of the Committee on Growth of the National Research Council. 

‘No distinction is made here between the particular hydrogens removed from the 
substrate by dehydrogenation and those hydrogens which actually combine with 
oxygen to yield water, although in general they may be expected to be different. 
The former are presumed to add to the body water as hydrogen ions and the latter 
to be removed from the body water likewise as hydrogen ions. 
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carbon dioxide, the isotope concentration of which is at least 50 per cent 
that of the body water. Actually, glucose is thought to be metabolized 
to pyruvate by the glycolytic scheme of reactions, and pyruvate thereupon 
oxidized to carbon dioxide by the tricarboxylic acid cycle. In this case, 
it may well be that, before each of the predicted six decarboxylations per 
glucose molecule occurs, the oxygen of that released carbon dioxide wil 
have been previously in more or less complete isotopic exchange equilibrium 
with, or derived from, body water. As a result, the isotopic concentration 
of the carbon dioxide would be raised toward equality with the isotope 
concentration of the body water. Similar considerations with differences 
in details would be expected to apply to the complete oxidation of fats 
and proteins. 

Thus far the discussion has been of the source of the oxygen of respira. 
tory carbon dioxide at the instant of its formation by internal respiration, 
presumably by decarboxylation. However, between the moment of its 
intracellular origin and its release from the animal in expired air, the 
carbon dioxide is provided with an opportunity to exchange oxygen with 
body water during each of the processes involved in transport and external 





respiration; 2.e., traversal of intracellular and interstitial fluid, carriage | 


by the blood, entrance into the alveoli, and removal by ventilation. 
At a pH less than 8, the predominant reaction is the following (1). 


ky 


CO, a H.O ——-— H.CO; (2) 
ko 





| 


If either the carbon dioxide or the water initially contains all the labeled | 


oxygen, by this reaction the isotope becomes distributed among all three 
reactants until the atom per cent O" is the same in each, except as the 
process is influenced by fractionation effects. For the present purposes, 
the exchange equilibrium may be represented as follows: 


| 


CO“O's + HO = CO"0" + HO" (3) | 


Employing a value of 0.10 sec.' for the velocity constant, /:;(H,0), o 


Reaction 2, uncatalyzed, at 38° and pH 7.4, one can calculate from the | 


appropriate equation of Mills and Urey (2) that 99 per cent of isotope 
equilibrium is reached in 138 seconds. However, the amounts of carbonic 
anhydrase in blood appear to be sufficient for exchange equilibrium to be 


achieved in a fraction of a second (3). Thus, even if the carbon dioxide | 


arising intracellularly were not already in complete isotopic oxygen ex 
change equilibrium with water, such equilibrium might be expected to 
be attained subsequently, before exit from the body. 

Consequently, both by current concepts of internal respiration and 
by the carbonic anhydrase-catalyzed exchange during transport and 
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external respiration, it would be anticipated (1) that the oxygen of respira- 
tory carbon dioxide would approach equilibrium with body water, and 
(2) that utilized respiratory oxygen would soon find its way into body 
water. 

The experiments to be reported appear to demonstrate that such is 
indeed the case. In the only previously published study of this question, 
a brief note by Day and Sheel (4), the inference was drawn that respira- 
tory oxygen does enter directly into carbon oxidation and is exhaled as 
carbon dioxide, a conclusion at variance with predictions from current 
concepts of intermediary metabolism. It was therefore considered of 
importance to reinvestigate the question. 


Methods 


General Procedure—T wo types of experiments were carried out: (a) that 
in which the atmosphere was enriched with 03° (02° type)? and (6) that in 
which the body water was enriched with H.O" (H,O" type). In both 
types, the animal was placed in a closed metabolism system (see Fig. 1) 
filled with oxygen, and arranged for collection of dry respiratory carbon 


| dioxide, for the sampling of the atmospheric gas, and for approximate 


determination of the rate of oxygen consumption. The collection periods, 


| the number of which varied from two to four, were of 2 hours duration 


unless otherwise indicated. At the termination of the last collection 
period the animal was decapitated and a portion of body water obtained 
by vacuum distillation. Ordinarily, one atmospheric gas sample was 
taken at about the mid-point and one at the end of the experiment. 

Experimental Details—Heavy molecular oxygen was concentrated by 
thermal diffusion. From the heavy molecular oxygen, heavy water was 
prepared by catalytic combination with normal hydrogen. 

Strain A mice maintained on an unrestricted fox chow diet were em- 
ployed. In the 02° type of experiment, the isotopic oxygen was added 
to the atmosphere of the system at J (see Fig. 1), after passing through 
adrying tube and carbon dioxide absorber. In the H,O" type of experi- 


_ ment body water was enriched by intraperitoneal injection of 1 ml. of 


H,0"* of 8.47 atom per cent excess O8, 2 to 3 hours before placing the 


| mouse in the metabolism chamber. Preliminary trials had shown that this 


allowed more than enough time for the injected water to be absorbed. 
The isotopic analyses for O'8 were performed by means of the mass 
spectrometer. The atmospheric oxygen was analyzed directly from the 


* The designation O}° is used to indicate molecular oxygen enriched with regard to 
'*. It will be realized, however, that in the range of concentrations employed here 


most of the 0'8 is in O'8O!8 molecules and only a small proportion is in the 0180" 
form. 
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sample bulb. In the case of respiratory carbon dioxide, the trap cop. 
taining the solid sample, still immersed in liquid oxygen, was first evacuated, 
thus removing the gas phase. The trap was then removed from the 
refrigerant for introduction of volatilized carbon dioxide into the mag 
spectrometer. Since no special precautions were taken to mix the golid 


B 























Fia. 1. Ch, animal chamber; W7', water trap (during the experiment immersed in 


alcohol-dry ice); CO:7', carbon dioxide trap (during the experiment immersed in | 


liquid oxygen or air) ; V, valve; P, syringe pump (sealed with mineral oil) ; 7, mereury 
manometer; A and A’, evacuated sampling bulbs for atmospheric gas; Y, calcium 
chloride tube; Z, soda lime tube; O, J, stop-cocks; S, spirometer (sealed with miners! 
oil). Only one water trap and one carbon dioxide trap are shown; others were placed 
in parallel as necessary. Before each experiment, the system was flushed with oxygen 
introduced at J and removed through O, the segment between J and O being clamped 
during this procedure. 


carbon dioxide, the sample of respiratory carbon dioxide actually analyzed 
for isotope can be considered only as some portion, but not at all neces: 
sarily a representative one, of the collection period in question. Body 
water was determined by a modification of the procedure of Cohn and Urey 
(5), in which the isotopic measurement is made on carbon dioxide prev- 
ously equilibrated with the water sample to be analyzed. Carbonie 
anhydrase prepared by the method of Meldrum and Roughton (6) was 
added to the equilibrium chamber to hasten the attainment. of isotopit 
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exchange equilibrium. All values are reported as atom per cent excess 
0 referred to water as a standard; 7.e., the values for 0° and CO}° have 
been corrected for the fractionation which occurs between these molecules 
and H,O. A fractionation factor of 1.039 was used for the equilibrium 
between water and carbon dioxide, a factor of 1.006 for the equilibrium 
between water and molecular oxygen (7). The over-all error of the 
isotopic analysis is of the order of 1 to 2 per cent of the determined iso- 
topic concentrations. 

Total body water was determined on five mice of the type employed by 
drying to constant weight at 110°. The mean value obtained was 62.6 
per cent of the body weight, with a range of 61.0 to 65.7 per cent. From 
the rate of oxygen consumption, a predicted value for the isotope con- 
centration in body water at the end of the 02° type of experiment was 
calculated as follows: 








RX 60XtX2 
22.4 
Predicted (0')ic = (0%), 
‘laine. = X 0 696 x weight X 1000, RX60XIX2 
18 22.4 


in which (O'),, = the atom per cent excess O'* in the body water; (O"), 
= the atom per cent excess O'8 in the atmosphere; R = the rate of oxygen 
consumption in ml. per minute (corrected to standard pressure and tem- 
perature); ¢ = the time of the experiment in hours; weight = the body 
weight of the mouse in gm. 

In the H,O'8 type of experiments, a predicted value for the body water 
isotope level was computed from the dilution of the administered water 
by the preexisting body water, with a correction for formation of normal 
water by oxygen consumption. 

In preliminary experiments it was found that mice exposed to 03° at- 
mospheres under the conditions employed survived without obvious ill 
effects. 


RESULTS AND DISCUSSION 


The essential resu:‘s,» which are listed in Table I, are interpreted to 
indicate (1) that the oxygen of respiratory carbon dioxide is in exchange 
equilibrium with body water, and (2) that utilized molecular oxygen is 
converted to body water. 

The following features of the results support the conclusion that the 
oxygen of respiratory CO: is in equilibrium with body water. (a) In 
one H,0'’ experiment (Table I, Experiment C) the isotope concentration 
in the respiratory carbon dioxide (0.51 to 0.52) is in each collection period 
practically identical with that observed for the body water (0.50). (6) 
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A value for the body water concentration in Experiment D is not at hand. F 
It will be noted that in Experiment C the observed value for the body wate: i 
agrees with that calculated from the dilution of the administered wate; 
It would seem permissible to employ the corresponding calculated valye t 
for the O'§ concentration for Experiment D. The value thus computed t 
agrees well with that of O'’ in the respiratory carbon dioxide collection I 
periods. (c) In the 04° type of experiments (A and B, Table 1), the 0! é 
t! 
TABLE I 0 
Essential Experimental Results | 0 
The O'* values are in atom per cent excess. Mice were used in [xperiments 4 | i] 
to E; a rat in Experiment F. ‘ 
4 = O}8 in respiratory CO: | O' in body | ti 
é Nl z O18 in ee D 
3 Type > atmosphere Pe- | Pe- | Pe- | Pe- | — ee | a 
oy = riod riod | riod | riod | Ob- | Pre- g 
28) fox) at 2 + 3 4 | served dicted 
an |—|— | nn I —_ 2 
ae | | ¢ 
A|O3 — |27.3'11.0 -10.9 |0.080.150.38, 0.43 |0.43* | 
B| “ 29.0} 5.00 - 4.97/0.00.0.02/0.130.2110.21 |0.20*| Collection Period 1, | © 
| + hr. before intro- | t 
duction of isotopie | 
| | | oxygen 
C | H,0'§ 24.6) (0.00)f 0.510.52.0.51 0.50 0.51f 1 ml. H.O with 847 | ¢ 
| atom % excess 0" | , 
| | | intraperitoneally [| | 
D| “4 23.5! 0.00 0.52.0.51 0.53t “ = | t 
E | Control | | 0.00 — 0.01/0.02.0.02 0.638 | Control; see text t 
F | 0% 66 | 3.98 - 3.940.010.04.0.06 0.06 '0.06*, Collection periods 1! | y 
| | hr. | ¢ 
* Prediction from oxygen consumption; see methods; R = 1.2 ml. per minute for | © 
Experiment A; 1.3 ml. per minute for Experiment B. | t 
t+ Assumed value; no analysis. : = 
t Prediction from dilution of injected H:O'8 by body water. 0 
§ Water introduced into respiration chamber a 
repre as } ¢ 
concentration in the last respiratory carbon dioxide sample may be com |, 
pared with that of the body water. In Experiment A, the former is 0.38, | , 
the latter 0.43. In Experiment B, the value for the final carbon dioxide | 


period is identical with that of the body water. It will be recalled that |; 
this comparison involves carbon dioxide collected for the 2 hour period 
preceding the time of the body water sample and that, moreover, the carbo | 
dioxide analyzed was not necessarily a representative portion of the totd |, 
collected sample. For these reasons, further detailed consideration ! 
of the comparison is not undertaken, except to point out that the isotope} 
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concentrations in the final respiratory carbon dioxide and the body water 
are of the same order of magnitude. 

The following features of the results support the conclusion that utilized 
molecular oxygen is converted to body water. (a) The O° concentra- 
tions in the respiratory carbon dioxide in the 02° type of experiment (Table 
I, Experiments A and B) increased with time. Since the isotopie con- 
centration of the carbon dioxide is found to reflect that of the body water, 
this observation is in qualitative agreement with the continued formation 
of isotopic water from the utilized oxygen. With approximately uniform 
oxygen consumption throughout the experiment, one might have antic- 
ipated a relatively uniform increase in the O"* concentration in the body 
water, and thus, in the respiratory carbon dioxide, from collection period 
to collection period. The failure to observe such a constant rise in Experi- 
ments A and B is attributed to the circumstance that the value for a 
given carbon dioxide sample is not necessarily representative of the col- 
lection period in question. (b) In the 02° type of experiments (A and B) 
there is good agreement between the observed body water values at the 
end of the experiment and those predicted from the rate of oxygen utiliza- 
tion. The significance of this finding is that the major portion of the 
utilized inspired oxygen is in fact accounted for in the body water. 

Experiment E was carried out to estimate the degree to which the 
complete, or practically complete, isotopic equilibrium between body 
water and respiratory carbon dioxide may have occurred between the 
time the carbon dioxide left the animal body and its collection in the 
trap. Enriched water was added to the usual animal chamber, which 
was immersed in a water bath maintained at about 30°. Another chamber 
containing the mouse was placed between the spirometer and the chamber 
containing heavy water with a calcium chloride drying tube between 
the two chambers. In this manner, dry normal respiratory carbon dioxide 
from the mouse was provided with what may be taken as at least as good an 
opportunity to exchange with isotopic water before being trapped as oc- 
curred in the body water type of experiments. It was found that the O" 
concentration of the respiratory carbon dioxide under these conditions 
was only 3 per cent of that of the isotopic water. Therefore, the com- 
plete equilibrium observed when the animal body water was enriched 
is attributed almost entirely to processes occurring within the animal body 
itself. 

The O* concentrations in the body water have a bearing on the size of 
the pool of oxygen in the body compounds other than water which is 
exchangeable with body water during the time of these experiments. 
Apparently this pool of oxygen was not great enough to be detected in 
the form of a discrepancy between observed body water isotopic concen- 
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trations and values computed either (a) in the 02° type of experiment 
by the oxygen consumption method or (b) in the H,O" type of experiment 
from the extent of the anticipated dilution of injected water. Any ex. 
changeable oxygen would have operated to reduce the observed valye 
below the calculated one, an effect which was not actually demonstrable. 

Day and Sheel (4), using rats and an artificial atmosphere containing 
oxygen equivalent in isotope composition to water of 300 parts per million 
excess density (0.24 atom per cent excess O"), found that the expired 
carbon dioxide contained oxygen isotopes in proportions corresponding 
to about 40 parts per million excess density (0.032 atom per cent exces 
0"); 7.e., 13 per cent of the concentration of the inspired oxygen. As 
previously noted, these investigators interpret their findings as evidence 
that respiratory oxygen enters directly into carbon oxidation and is exhaled 
as carbon dioxide. 

The results of the present experiments are in apparent disagreement with 
those of Day and Sheel in that the former provide no evidence for direet 
combination of carbon with molecular oxygen to yield respiratory carbon 
dioxide; all the O' in respiratory carbon dioxide can be explained by 
equilibration with body water. To investigate whether a species difference 
between the rat and mouse may account for the discrepancy between the 
two sets of data, an experiment was carried out in which a rat was placed in 
an atmosphere enriched with heavy oxygen. The findings (Table I, 
Experiment F) exhibit relationships similar to those for the corresponding 
mouse experiments. The isotopic concentration in the carbon dioxide 
increased with time, but during the 3rd hour its value was still only about 
1.5 per cent that of the utilized oxygen. Moreover, this value was identical 
with that of the body water at the end of the experiment and with the value | 
predicted from the rate of oxygen consumption and the amount of body | 


water. Since the duration of the experiment of Day and Sheel is not given, 


conceivably these investigators exposed the rat to the heavy oxygen atmos- | 
phere for much longer periods than those employed in the present studies. | 
In this case, enough oxygen may have been converted to body water to | 
enrich it to the extent indicated by the respiratory carbon dioxide values | 
reported in their paper. 

Although we have not in these experiments assessed the degree to which 
the isotopic exchange equilibrium between respiratory carbon dioxide and 
body water is established between the time of intracellular origin of the 
carbon dioxide and its exit from the animal, there is reason to believe it to | 
be complete. Without such an evaluation no inferences are permissible 
from the present results concerning the isotopic composition of the re 
spiratory carbon dioxide at the moment of formation in internal resp 
ration, by decarboxylation or otherwise. 
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SUMMARY 


With the aid of heavy oxygen, it has been found in the mouse and rat 
that (1) the oxygen in respiratory carbon dioxide is in isotopic equilibrium 
with the oxygen of body water, and that (2) at least a large majority, and 
perhaps all, of utilized molecular oxygen is soon converted to body water. 


The authors are indebted to Mr. Edward Franklin, Mr. Richard E. Hal- 
sted, and Mrs. Ruth Boe for valuable technical assistance in connection 
with isotopic preparations and analyses. 

The relatively dilute heavy water (1.5 atom per cent O'%) which served 
as the supply of heavy oxygen for the thermal diffusion column was fur- 
nished by the Atomic Energy Commission. 

Acting through the Committee on Growth of the National Research 
Council, the American Cancer Society furnished the funds both for the con- 
struction of the thermal diffusion columns by which the starting oxygen 
was further enriched and for the development of the mass spectrometer. 
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BIOCHEMICAL PROPERTIES OF SUCCINOXIDASE FROM 
SALMONELLA AERTRYCKE* 


By ERNEST KUNT anp LEO G. ABOOD 


(From the Departments of Pharmacology and Medicine, University of Chicago, 
Chicago) 


(Received for publication, April 28, 1949) 


In the course of studies of the biochemical nature of the endotoxin of 
Salmonella aertrycke (1-3), it was found that the addition of succinate to 
the endotoxin caused a marked oxygen uptake. This oxidation occurred 
even four to seven months after the preparation of the endotoxin when the 
bacterial material was kept under sterile conditions and stored in the cold. 
Repeated tests for sterility by culturing! revealed that no living microor- 
ganism was present in the endotoxin which had been sterilized by heating 
it three times for 25 minutes at 60°. It appeared, therefore, of interest to 
investigate the succinoxidase properties of this bacterial material, since 
the previous findings suggested its enzymatic nature. 


Materials and Methods 


Preparation and Properties of Enzyme—The original material, referred 
to as Salmonella endotoxin, was prepared in Dr. C. Phillip Miller’s labora- 
tory, by a procedure described elsewhere (1). This endotoxin could be 
separated by centrifugation at 3500 X g for 60 minutes at 0° into a light 
insoluble sediment and a supernatant, containing the soluble material of 
the microorganisms. After the supernatant was decanted, the sediment 
was washed, and finally resuspended in 0.1 m phosphate buffer at pH 7.4. 
This suspension was lyophilized. The resulting product was a light powder 
which was stored at 0°. This preparation formed a homogenous suspension 
in distilled water or phosphate buffer and could be removed by centrifuga- 
tion at 3500 X g in 60 minutes. Nitrogen and phosphorus analyses re- 
vealed the following results, expressed in terms of micrograms per mg. of 
dry enzyme (lyophilized weight): total N 41.2, phospholipide P 3.92, 
nucleic acid P 1.35, phosphoprotein P 8.45. Phosphorus analyses were 
carried out by the method of Schneider (4). The enzyme protein con- 


* This investigation was supported by the Office of Naval Research and the Uni- 
versity of Chicago. 


f Present address, Division of Infectious Disease, Tulane University School of 
Medicine, New Orleans. 

‘The sterility tests were kindly carried out by Miss M. A. Bohnhoff in the De- 
partment of Medicine. 
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tained oxidizable sulfhydryl groups (0.374 y per mg. of dry enzyme), 43 
determined by the method of Anson (5). 

This enzyme preparation could oxidize succinate aerobically, as meas. 
ured in the Warburg respirometer, or anaerobically, as determined by the 
decolorization of methylene blue or by the tetrazolium method (6). The 
optimum pH of the enzyme activity was found to be 7.4 (Fig. 1). The 
enzyme activity was rapidly destroyed by alkaline (above pH 8) medium 
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Fia. 1. Effect of pH on Salmonella succinoxidase. Each Warburg flask contained 
5 mg. of lyophilized enzyme, 0.5 ml. of 0.1 m sodium succinate, and phosphate buffer 
(pH 4.2 to 11.2). The gas phase was air; temperature 37°. 


Oxidation of Succinate—The enzymatic activity of this lyophilized prep- 
aration was tested with succinate, fumarate, malate, acetate, citrate, pym- 
vate (in presence of adenosine triphosphate), and glucose as substrates. 
No measurable oxygen uptake occurred except with succinate. In the 
presence of 0.5 ml. of 0.1 m sodium succinate the rate of oxygen consump 
tion was directly proportional to time and the amount of enzyme in the 








course of an experimental period of 60 minutes (Fig. 2). The presence 0 | 
inorganic phosphorus was not necessary for the oxidation of succinate. | 


After thorough washing with distilled water and subsequent centrifuge 
tions (until the supernatant did not contain any inorganic phosphorus 
the enzyme could oxidize succinate in phosphate-free trishydroxylmethy! 
aminoethane buffer of pH 7.4 (7) to the same extent as in phosphate buffer 
Calcium ion did not influence the rate of succinate oxidation 
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Since it is generally accepted that in animal succinoxidase the activator 
of molecular oxygen is the cytochrome system, it was of interest to estab- 
lish whether or not the Salmonella enzyme contained this system. Hydro- 
quinone (8, 9) and ascorbate (10) were used as secondary substrates for 
the assay of cytochrome oxidase. Heating in a boiling water bath for 10 
minutes completely destroyed the succinoxidase activity of the prepara- 
tions. Heated samples were, therefore, used as controls for the cytochrome 
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Fie. 2. Oxidation of succinate by dried Salmonella preparation. Each flask con- 
tained 5 mg. of lyophilized enzyme, 0.5 ml. of 0.1 m sodium succinate, and phosphate 
buffer (pH 7.4). Curve I, no inhibitor; Curve II, + 1.5 mg. of cytochrome c; Curve 
III, + 50 y of methylene blue. The abscissa represents time in minutes. 


oxidase assay. After the addition of cytochrome and secondary substrates 
(ascorbate, hydroquinone) no difference was observed between the oxygen 
consumption of the unheated and heat-inactivated samples, suggesting the 
absence of cytochrome oxidase. The use of heat-inactivated blanks in the 
cytochrome oxidase assay was of importance, since considerable non- 
enzymatic oxygen uptake occurred when cytochrome, ascorbate, or hy- 
droquinone and heat-inactivated enzyme preparations were shaken at 
37° in a respirometer. The importance of the use of heated controls has 
been emphasized by Stotz et al. (8,9). The effect of the Salmonella enzyme 
on cytochrome c was also measured spectroscopically. It was found that 
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after the addition of the enzyme to a solution of cytochrome c the charge. 
teristic absorption band of reduced cytochrome appeared at 550 mu. This 
reduction of cytochrome c, which also occurred anaerobically, was not 
affected by the addition of succinate. The reduced cytochrome ¢ was 
not reoxidized by the Salmonella enzyme. 

The effect of cytochrome c on the anaerobic and aerobic oxidation of 
succinate by the enzyme preparation was also examined. The rate of 
anaerobic reduction of methylene blue in the presence of succinate was not 
affected by the addition of cytochrome c, while the aerobic oxidation of 
succinate was inhibited (Fig. 2). The type of inhibition was determined 
by the use of the Lineweaver-Burk modification of the Michaelis-Mentep 
equation (11). In a series of Warburg respirometers varying amounts 
(0.05 to 2.0 ml.) of 0.1 m sodium succinate and a constant amount of 
Salmonella enzyme (5 mg.) were suspended in phosphate buffer (pH 7,4) 
and oxygen uptake was measured at 37° for 60 minutes. 

By the method of Lineweaver and Burk, K, was found to be 2.2 & 10“y 
succinate. In order to determine the type of inhibition caused by cyto- 
chrome c, a second series of respirometers was set up, containing the same 
amount of enzyme and substrate as in the first series, but in addition a 
constant amount (2.5 mg. per flask) of cytochrome c. Since the intersee- 
tion of K;/V» (Fig. 3) and the ordinate was found to be the same asin the 
‘ase of the uninhibited system (K,/V»), 7.e. the velocity of the reaction 
at infinite substrate concentrations was identical in the presence and 
absence of the inhibitor, the type of inhibition was, according to Ebersole 
et al. (12), a competitive one (Fig. 3). The observation that the aerobic 
oxidation of succinate was inhibited by cytochrome and the anaerobic 
dehydrogenation remained unaffected suggested that the aerobic part of 
the Salmonella enzyme was involved in the inhibition of succinate oxidation 
by cytochrome c. 

The effect of temperature on the Salmonella enzyme was determined in 
the Warburg apparatus. Each flask contained 10 mg. of enzyme and 0.5 
ml. of 0.1 m sodium succinate in phosphate buffer at pH 7.4. After tem- 
perature equilibration three subsequent 10 minute readings were taken at 
32.2°, 37°, 38.6°, and 41.8°. Since the reaction of succinate and Salmonella 
enzyme was linear under given experimental conditions during the first 60 
minutes (see Fig. 2), A was defined as the moles of succinate oxidized per 
10 minutes per 10 mg. of enzyme. The amount of oxidized succinate was 
computed on the basis that 1 mole of oxygen was used for the oxidation 
of 1 mole of succinate (see below). According to the van’t Hoff equation 
when In K was plotted against the reciprocal of the absolute temperature 
(1/T), a straight line (—E/R) was obtained. From the slope of this 
straight line E (the heat of activation) was calculated to be 10,470 calories 
per mole of succinate (Fig. 4). 
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Fig. 3. Competitive inhibition of the aerobic oxidation of succinate by Salmonella 
succinoxidase in the presence of cytochrome c. V = velocity of reaction in Qo., S = 
succinate concentration, K, = ((V,,/V) — 1)8, when V,, = 2V, K, = S, V,, = maxi- 
mum velocity, and K; = K, in the presence of cytochrome c. 
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Fic. 4. Effect of temperature on the reaction velocity of Salmonella succinic de- 
hydrogenase. —E/R = (AlnK)/(Al/T); K = moles of succinate, oxidized by 10 mg. 
of lyophilized enzyme in 10 minutes; T = absolute temperature. 
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In order to study further properties of the Salmonella enzyme, a number 
of enzyme inhibitors were tested, the results of which are summarized jp 
Table I. While malonate and iodoacetamide in a final concentration of 
0.01 m completely inhibited succinate oxidation, cyanide, azide, and gele. 
nite were considerably less effective. It is of interest that penicillin jm. 
purity, an intermediate product in the commercial production of penicillin, 
which was found to protect mice against endotoxins of Gram-negative 
organisms (13), inhibited this bacterial enzyme. Crystalline penicillins 
G and K were virtually ineffective, which was analogous to a previous 
finding made on the glycolysis of mouse tissues (14). 


TABLE I 


Inhibition of Salmonella Succinoxi dase 


Inhibitor Qo, hb Feng 

Control, no inhibitor....... y 1 iy - 
0.01 m sodium cyanide..... ; 9.9 63.5 
O01 ** che i . ere 23.0 15.8 
0:01 * ‘* selenite. . 3 Pe 20.6 22.5 
1 mg. penicillin imparity... of oF ag 6.1 78.0 
10,000 units crystalline neclsiitin. 25.6 7.0 
0.01 m iodoacetamide. .... ' 0 100 
0.01 ‘*‘ malonate..... is 0 100 
1 mg. teihonyiteteasolium chloride 16.4 43.0 
30 y methylene blue.... 17.5 36.0 

Each ‘Warburg flask cont: sited 2.5 mg. of Salueniile enzyme, 0.5 ml. of 0.1m 


sodium succinate, and the inhibitor in a final volume of 3 ml. The oxygen uptake 
was measured for 60 minutes at 37°. 


Direct spectroscopic measurement as well as cytochrome oxidase assays 
did not demonstrate the oxidation of cytochrome c by the Salmonella 
succinoxidase; therefore, it was necessary to postulate some other system 
which could serve as an oxygen activator. Since flavoproteins were known 
as direct acceptors of molecular oxygen, attempts were made to detect a 
flavin constituent of the Salmonella enzyme. A sample of 300 mg. of 
the Salmonella enzyme was extracted with acid acetone according to the 
procedure of Scott ef al. (15). The absorption spectrum of the clear, pale 
yellow extract was determined in the Beckman spectrophotometer. Ab 
sorption maxima for the acid acetone extract were obtained at 375 to 
390 my and at 445 to 450 muy (Fig. 5). The addition of sodium hydro 
sulfite to the neutralized enzyme extract resulted in decolorization. The 
absorption spectrum of the acid acetone extract was compared with that 
of riboflavin (4.8 y per ml.) dissolved in acid acetone. Maxima for ribo 
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favin were obtained at 375 my and at 445 to 450 mu, values which corre- 
sponded with those found in the literature (16). On the basis of these 
spectrophotometric measurements, it cannot be stated with certainty 
that the enzyme extract contains flavin; however, the correspondence of 
maxima at 375 my and at 445 to 450 my with those of riboflavin might 
suggest the presence of a flavin-like compound. Attempts to isolate a 
soluble flavoprotein from the enzyme were unsuccessful. Assuming that a 
favin-like catalyst is involved in the oxidation of succinate by the Salmon- 
dla enzyme, the formation of hydrogen peroxide would be expected. It 
was found that the Salmonella enzyme contained catalase activity, 1 mg. 
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Fig. 5. Absorption spectrum of the acid-acetone extract of the Salmonella suc- 
cinoxidase. Measurements were made on the Beckmann DU spectrophotometer. 
Acid acetone (15) was used as blank. The absorption spectrum of the extract was 
compared with that of riboflavin (4.8 y per ml.), which was dissolved in acid ace- 
tone. Maxima were obtained for riboflavin at 375 mp and 445 to 450 my and for the 
extract at 375 to 390 my and at 445 to 450 mu. 


of enzyme splitting 520 y of hydrogen peroxide per 5 minutes at room tem- 
perature. Pyrogallol could be used as an oxygen acceptor in the presence 
of hydrogen peroxide and enzyme, and thereby peroxidase activity could 
be also demonstrated. The formation of hydrogen peroxide and the action 
of peroxidase during succinate oxidation could be shown in a system 
containing enzyme, succinate, and pyrogallol. If no succinate was added, 
avery slow darkening of the mixture was observed (probably due to traces 
of hydrogen peroxide), while the reaction mixture turned dark in 10 to 20 
minutes in the presence of succinate. The mechanism of the cyanide 
inhibition of the aerobic oxidation of succinate by the Salmonella enzyme 
might be explained on the basis that cyanide inhibited the destruction 














820 SUCCINOXIDASE FROM 58, AERTRYCKE 


of H,O:. Under anaerobic conditions, when methylene blue or tetrazoliym 
was present as hydrogen acceptor, cyanide did not influence the rate of 
reduction of the dye. 

Succinate is oxidized to fumarate by the cytochrome-linked 
oxidase system according to the following equation. 


SUCCIN- 


1 mole succinate + 0.5 mole O. = 1 mole fumarate + H.O 


During the complete oxidation of succinate by the Salmonella preparation, 
the amount of oxygen consumed per mole of succinate was dependent on 
the amount of enzyme present in the reaction mixture. With 2 to 25 
mg. of enzyme per flask 1.1 to 1.3 X 0.5 mole of oxygen was utilized per 
mole of succinate. If, however, 5 to 10 mg. of enzyme were used, the 
ratio, 1 mole of oxygen per mole of succinate, was approached. In three 
Warburg vessels, each containing 10 mg. of enzyme and 1! ml. of 0.1 y 
succinate, oxygen consumption and fumarate formation were determined. 
Assuming that 1 mole of oxygen per mole of succinate was absorbed, the 
amount of fumarate formed in | hour was calculated to be 3.26 mg. per 
flask. The contents of the Warburg flasks were analyzed for fumarate 
by permanganate titration and 3.0 to 3.1 mg. of fumarate per flask were 
recovered. It is possible that in the presence of sufficient oxidizable ma- 
terial (10 mg. of enzyme), the 1:1 oxygen-succinate molar ratio was due 
to the peroxidase activity of the preparation, while with smaller amounts 
of enzyme catalase activity prevailed. 

Attempts to demonstrate the reverse of the reaction succinate = fuma- 
rate by the Salmonella preparation showed that the enzyme had a fumarie 
hydrogenase activity. This was demonstrated in a system similar to that 
reported by Fischer and Eysenbach (17). Each Thunberg tube contained 
10 mg. of enzyme suspended in 1 ml. of 0.1 m phosphate buffer of pH 7.4, 
1 ml. of 2 X 10-* Mm methylene violet, 2 ml. of distilled water, and 1 ml. of 
0.2 m sodium fumarate in the side arm. The air was removed from the 
tube by passing a gas mixture of 95 per cent nitrogen and 5 per cent C0; 
through the reaction mixture for 2 minutes. The methylene violet was 
then reduced by the addition of 0.2 ml. of freshly prepared 0.5 per cent 
sodium hydrosulfite. The tube was immediately evacuated and the time 
of restoration of color measured at room temperature. Control tubes 
contained 1 ml. of distilled water in the side arm instead of fumarate. 
It was found that no color occurred in the blank even after 48 hours of 
incubation, while in the presence of fumarate the color of the methylene 
violet was completely restored at room temperature in 15 to 25 minutes. 
Since it was reported (18) that succinic dehydrogenase in the absence of air 
in the presence of enzymatically reduced coenzyme I can reduce fumarate 
to succinate, we further investigated the question whether or not the 
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succinic dehydrogenase of the bacterial preparation was responsible for 
the fumaric hydrogenase activity. It was found that the anaerobic res- 
toration of color of reduced methylene violet occurred undisturbed in the 
presence of 0.02 M malonate or iodoacetamide. These inhibitors com- 
pletely blocked succinic dehydrogenase activity. From this observation 
it could be ascertained that the succinic dehydrogenase and fumariec hy- 
drogenase activity of the enzyme preparation could not be due to the same 
component of the system. 


DISCUSSION 


A simple procedure for the preparation of a stable succinoxidase from 
Salmonella aertrycke has been described. Experiments with this enzyme 
demonstrated that it could oxidize succinate by molecular oxygen. At- 
tempts to demonstrate cytochrome system in the preparation were unsuc- 
cessful. Since the acid acetone extract of the Salmonella enzyme had a 
favin-like spectrum, and since evidence was obtained for the formation of 
hydrogen peroxide during aerobic succinate oxidation, it appeared reason- 
able to assume that the reaction of molecular oxygen was mediated by a 
catalyst similar to flavoprotein. The existence of two distinct factors in 
the Salmonella succinoxidase, namely the succinic dehydrogenase and 
another factor capable of reducing fumarate in presence of reduced methyl- 
ene violet, appeared to support this assumption. It is interesting to men- 
tion in connection with this explanation that yeast fumaric hydrogenase 
was found by Warburg and Christian to be a flavoprotein (19). 

Flavoprotein has been postulated to be a part of the animal succinoxidase 
system (20). IXeilin and Hartree (21) found some evidence by means of ' 
spectroscopic analysis which indicated the participation of a flavin com- 
ponent in aerobic succinate oxidation. Lehmann and Martensen (22) ob- 
served the formation of hydrogen peroxide during aerobic succinate oxida- 
tion, suggesting an incomplete oxidation of reduced flavin by the 
cytochrome system. Further experiments to demonstrate the réle of flavin 
in succinate oxidation were carried out by Axelrod, Potter, and Elvehjem 
(23) and Axelrod, Swingle, and Elvehjem (24) who found that in riboflavin- 
deficient rats a component of the succinoxidase system was diminished. 
This component was not succinic dehydrogenase or the cytochrome system, 
and could be restored by riboflavin feeding. Since other flavin enzymes, 
such as xanthine and p-amino acid oxidase, also decreased in riboflavin- 
deficient animals (25, 26), these ohservations seemed to corroborate the 
assumption that flavin might be a part of succinoxidase. These observa- 
tions, however, based on circumstantial evidence, appear to support the 
conclusions drawn from the studies on the Salmonella enzyme. 

The inhibition of aerobic succinate oxidation by cytochrome e is of 
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special interest. Kinetic studies revealed a competitive type of inhibition 
of the aerobic succinate oxidation by cytochrome c. The competition 
occurred between cytochrome c and a part of the succinoxidase which 
participates in aerobic oxidation. Cytochrome ¢ was reduced by the 
Salmonella enzyme but was not reoxidized. Similar reduction of cyto- 
chrome ¢ by animal succinic dehydrogenase, which was not affected by the 
addition of succinate, was reported by Hogeboom (27). It is possible 
that the reduction of cytochrome c is brought about by the same component 
(flavin) which activates molecular oxygen in the Salmonella preparation 
and this circumstance could explain the competitive inhibition of succinate 
oxidation by cytochrome c. 


SUMMARY 


1. Succinoxidase was prepared from Salmonella aertrycke by lyophilizg- 
tion of the insoluble material of the sterile bacterial endotoxin. 

2. Some properties of the enzyme (N, P, and SH analyses, pH optimum, 
kinetics of succinate oxidation) were determined. 

3. The enzyme did not contain cytochrome oxidase, but could reduce 
cytochrome c. 

4. Cytochrome c inhibited the aerobic but not the anaerobic oxidation 
of succinate. The inhibition was of competitive type. The most potent 
inhibitors of the Salmonella enzyme were iodoacetamide and malonate. 

5. The preparation had catalase and peroxidase activity. 

6. In the presence of reduced methylene violet a component of the 
enzyme which was not inhibited by malonate or iodoacetamide could 
reduce fumarate to succinate. 


The authors feel indebted to Dr. B. Vennesland for her valuable criticism 
of this paper. Our sincere thanks are due Dr. E. 8. G. Barron for his 
kind help and the use of his Beckman spectrophotometer and to Dr. J. W 
Moulder for his helpful advice. 
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The occurrence of a hyperglycemic-glycogenolytic (H-G) factor in cer- 
tain commercial insulin preparations (1) led to a search for this factor in 
the pancreas and in other tissues. Apart from the pancreas and the mu- 
cosa of certain portions of the gastrointestinal tract, all other tissues were 
found to be free of the factor. The method of extraction and precipitation 
was similar to that used for the isolation of insulin. In the present paper 
the properties of the factor from pancreas and from the gastric mucosa of 
the dog are compared at different stages of purification. 

The quantitative assay of the factor is based on its property of stimulating 
glycogenolysis in isolated liver slices. Insulin, when present, does not 
interfere in this assay. A description of the method has been previously 
given and it is somewhat amplified in this paper. The hyperglycemic re- 
sponse resulting from injection into intact animals has also been deter- 
mined. Starting with an amorphous insulin powder as source of the pan- 
creatic factor, fractions have been obtained which were 10 times as active 
in the liver test system as the original material. These preparations when 
injected intravenously into rabbits produced a hyperglycemia of about 40 
minutes duration without subsequent hypoglycemia; they were therefore 
free of insulin. ‘The factor extracted from the gastric mucosa of the dog 
showed properties which were essentially the same as those of the pancreatic 
factor. On injection into rabbits the blood sugar curves showed the same 
characteristics as those observed after injection of the pancreatic factor. 


Methods 


Liver slices were prepared and incubated as described previously (1, 2). 
For assay purposes it is desirable that slices of uniform thickness be used, 
since thick slices (e.g. 0.8 to 1.0 mm.) tend to produce less glucose per unit 
weight than slices of medium thickness (e.g. 0.4 to 0.5 mm.). Best results 
are obtained when slices are matched within 15 per cent with respect to 
weight per unit area and when each assay is carried out in duplicate. If 


*This work was supported by a research grant from Eli Lilly and Company. 
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the liver is kept well chilled, slices may be prepared from it over a period of 
10 minutes; this permits the preparation of a large number of slices fron 
a single animal, especially if one person prepares the slices while anothe 
weighs them. 

Examples will be given for comparative assays of the same preparation 
of H-G factor on liver slices of different animals. The agreement was satis. 
factory with the exception of two cases in which the variation was 25 to 3 
per cent. For each individual assay it is desirable to use slices from ad. 
jacent areas of the liver. 

Since pH and salt content of the incubating fluid have some effect 





the glucose output from slices, solutions to be tested were dialyzed in ad. | 
vance against the chloride-phosphate buffer, or suitably diluted and ad. | 


justed with respect to pH. Unless stated as an approximate value, all pH 
measurements were carried out with a glass electrode. 

Analytical methods have been reported previously except for the use of 
a micro protein method (3) which has been modified for the present study 
and which proved to be of great value when fractionating small amounts of 
protein.! To 0.5 ml. of protein solution there are first added 5.0 ml. of 
a dilute alkaline copper solution (prepared twice weekly by adding 1 ml. of 


| 
i 
| 


| 
| 


| 


2 per cent CuSQ,-5H20 and 1 ml. of 4 per cent sodium tartrate to 100 ml. ¢ | 


a 4 per cent Na,CQ; solution). The mixture is incubated 10 to 15 minutes | 


at 45°, at which time 0.5 ml. of phenol reagent (Folin-Ciocalteau) diluted 
1:3 with water is added. Each tube is mixed by inversion immediately 
after addition of the phenol reagent. The tubes are then allowed to stand 
15 minutes at room temperature before being read in the Klett-Summerson 


photoelectric colorimeter with Filter 660. The amounts of protein de | 





termined were usually between 0.025 and 0.25 mg., although smaller | 


amounts can be measured. Two or more concentrations of insulin wer 
used as protein standards. The results agreed closely with those obtained 
with the biuret method of Weichselbaum (4). 

The per cent of maximal stimulation was calculated as described pre 
viously (1). In order to compare the activity of different preparations, 
it was desirable to determine the effect of three or more concentrations. As 
shown in Fig. 1 the relation between the amount of factor added and the 
response is approximately linear up to 70 per cent of the maximal respons. 
From such plots it was possible to determine the amount of protein required 
to give half maximal stimulation of glucose output from liver slices, and 
most of the results are expressed in these terms. The insulin used in the 
present investigation was supplied by Eli Lilly and Company and was @ 
two types: an amorphous insulin preparation with 20 to 21 units per mg, 


1 The authors wish to thank Dr. 0. Lowry for suggestions regarding the use and 
modification of this method. 
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riod of | and a crystalline zinc preparation with 25 units per mg. The amorphous 
8 from | insulin was used except when stated otherwise. 


nott : 

, Fractionation of Insulin | 
aration Assay of Insulin for H-G Factor—The insulin preparations used for 
S satis | fractionation were first assayed for their content of H-G factor (Fig. 1). It i 


5 to3) | was found that the amorphous preparation, as well as the crystalline 
om ad | ginc insulin preparation used, gave half maximal stimulation when added 
jin amounts of approximately 6.5 y.2, Another sample of crystalline zinc 
fect on | insulin contained considerably less factor per unit weight, while insulin 

















| in ad- | preparations obtained from the Novo Laboratories were essentially free of i 
und ad- | F 
all pH 5 ‘ 
Bot y 

> use of ui 
t study 2 60} 
yunts of | = . . 
) ml. of | a | 
1 ml. of | ; 407 : 4 
0 ml. of | z ‘ | 
minutes | 0 20h ey 

diluted & “| 
ediately * ; . Wl 
‘o stand 2 4 6 8 10 i 
:merson MICROGRAMS PROTEIN ay 
tein de- Fig. 1. Assay curves for H-G factor. @, amorphous insulin, & representing 1 
smaller | 88ay on another animal. O, amorphous insulin after incubation for 2.5 hours in | 
in wie | 0.08 n KOH at 37°. A, fibril filtrate of amorphous insulin. | 
tained | the factor (2). A recent preparation of crystalline zinc insulin obtained 

| from Eli Lilly and Company was also free of the H-G factor. 

ved pre | Presence of H-G Factor in Insulin Fibril Filtrates—The formation of od 
ratiOls, | fibrils from insulin has been described by Waugh (5). These fibrils can | 
ns. AS} be removed by filtration and it seemed possible that the H-G factor might a 
and the be found in the filtrate. Fibrils were formed by Waugh’s method from if 
oar | amorphous or crystalline zinc insulin and filtered off on No. 50 Whatman ii 
required | paper with suction. While only 10 per cent of the original H-G activity | 
Pes al appeared in the filtrate, the activity per unit of protein was increased i 
d in the _ $to4 times by this procedure (Fig. 1). It was shown that the remainder | 
1 was | was not destroyed by the treatment but was trapped in the fibril mat. | 
per ™é | Regeneration of the insulin and repeated fibril formation resulted in the 
p use and 


* The total volume of fluid in the liver test system was 1.2 ml. in each case. 
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appearance of more H-G factor in the fibril filtrate, but in general thes 
filtrates were less active per unit of protein than the first fibril filtrate, 
Some attempts were made to purify the factor in the fibril filtrates py 
isoelectric precipitation at pH 6 in the presence of zinc ions. After ty 
such precipitations, and removal of inactive material which became jingol. 
uble at pH 8, a fraction was obtained which showed half maximal activity 
at 1.0 y of protein per test (Fig. 2). Microscopically this fraction cop. 
sisted of uniform spheroids; it still contained small amounts of insulin, gs 
shown in Fig. 3. A third isoelectric precipitation yielded material which 
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Fic. 2. Assay curves for two purified fractions of H-G factor. O, fibril filtrate 
of insulin after isoelectric precipitation. @, fraction obtained from alkali-incubated 
insulin by ethanol and isoelectric precipitation, @ representing assay on another 
animal. The dotted line represents the activity of the amorphous insulin used as 
starting material. 


was half maximally active at 0.8 y. As shown below, this is not much infe- 
rior to the purification achieved by other methods, but the yield was so 
small that further attempts to use the fibril filtrates for purification were 
abandoned. 

Alkali-Incubated Insulin—Fractionation of alkali-incubated insulin was 
attempted, since it seemed likely that the H-G factor would be more 
easily separated from denatured than from native insulin. It had been 
found previously that the H-G factor is much more resistant to alkali than 
insulin (6, 2). The experiment in Fig. 1 shows that about one-third of the 
H-G activity was lost when the insulin preparation was incubated for 
2.5 hours in 0.08 n KOH at 37°. This treatment is sufficient to destroy 
the hypoglycemic action of insulin completely (2). 

Ethanol Fractionation—A solution of alkali-incubated insulin was brought 
to pH 3.7 with HCl. Successive fractions were separated by addition of 
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ethanol and assayed for glycogenolytic activity. The results in Table I 
show that when the ethanol concentration reached 71 per cent a large and 
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Fic. 3. Blood sugar changes following intravenous injection of partially purified 
insulin fibril filtrate into a rabbit. 0.22 mg. of protein was injected. An assay curve 
for this material on liver slices is shown in Fig. 2. 


TaBLeE I 
Fractionation of Alkali-Incubated Insulin with Alcohol 
The starting material in the two experiments was (a) 100 mg. of protein in 6.5 ml. 
and (b) 500 mg. in 32.5 ml., both at pH 3.7. 








: Amount of pro- = 
Pre . nt | ; = hee 
recovered tei giving half | Actvandy 
Successive fractions : maxima! activity} 
(a) (b) a b) (a) | () 
per cent per cent Y 7 per cent) per cent 
|, Ppt. from 71% ethanol 41 30 10 | 
2. Immediate ppt. from 838% ethanol 8 1Q* 10 15* | 6 22* 
3. Ppt. in supernatant (Fraction 2) after | 5 10 2 3 is | @ 
day in cold 
4, Ppt. from 85% ethanol (+ trace of KOH i) 10 3 { 30 19 
to incipient turbidity) after 1 day in 
cold 
5. Ppt. from ethanol-ether 27 28 5 7 45 | 34 
eg $$ | —____|__— ~r—e tte aiere 
Total..... Peer 90 88 109 | 102 
‘ ' 


*Fractions 1 and 2 pooled for analysis and assay. 


tlatively inactive fraction could be separated. At 83 per cent ethanol 
concentration the precipitate appearing immediately also had relatively 
low activity, while that appearing after 1 day in the cold possessed high 
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activity, as did the next fraction obtained by the addition of a small amoun 
of alcohol and alkali. The last fraction obtained by the addition of large 
amounts of alcohol and ether was again less active. 

It may be noted in Table I that nearly one-half of the total activity was 
recovered in the two most active fractions (Nos. 3 and 4). These were com. 
bined and refractionated with alcohol. Table II shows that the middle 


TABLE II 
Refractionation of Combined Fractions 3b and 4b of Table I 
The starting material for Fractions 1 to 5 was 97 mg. of protein in a volume of }| 
ml., pH 3.7. Fractions 6 to 8 were obtained by further fractionation of Fraction 3, 








———— 

















A iia | 
Successive fraction as, (teeer| 
activity 
per cent | Y a | =a. 
1. Immediate ppt. from 83% ethanol 49 14 14 
2. Ppt. in supernatant (Fraction 1) after 1) 15 6 7 
day in cold | 
3. Ppt. from 85% ethanol (+ trace of KOH| i) 1 36 
to incipient turbidity) 
4. Ppt. from 88% ethanol (+ trace of KOH 15 | 2 28 
to incipient turbidity) | 
5. Ppt. from ethanol-ether | ll 5 9 
eae eaete Jee ep nine | 99 | | 94 
: a ae | 
6. Immediate ppt. from 86% ethanol (+ | 50 | 1.4 | 36 
trace of KOH to incipient turbidity) 
7. Ppt. in supernatant (Fraction 6) after 1) 31 0.8 | 39 
day in cold | 
8. Ppt. from ethanol-ether | 10 0.7 | 14 
<0 SE ne Se eco ae | 91 89 


fractions (Nos. 3 and 4) were again the most active ones and that they con | 


tained over 60 per cent of the activity. Fraction 3 on further fractionation 
yielded material with half maximal activity at 0.7 y. On slow precipitation 
the material in these purified fractions separated in the form of tiny sphe 
roids and flat plates. 

It was noted that at this stage of purification the material lost consider. 
able activity when standing in alcohol in the cold, and further fractions- 
tion with alcohol was therefore not attempted. 

Ethanol Fractionation Followed by Isoelectric Precipitation—Fraction 
with half maximal activity at 2 to 3 y of protein were obtained by precip: 
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tation with ethanol. These were dissolved in 0.05 m dipotassium phosphate 
or 2 per cent sodium acetate, and a small amount of zinc ions was added. 
On addition of dilute acid to the phosphate solutions a precipitate appeared 
at pH 6.4. The precipitate was collected after standing 1 day in the cold. 
An assay showed that the amount of protein required to give half maximal 
activity was 0.9 y, which represented a considerable increase in activity 
over the starting material. Similar results were obtained on addition 
of dilute acid to the acetate solutions (previously adjusted with alkali to 
pH 10) except that precipitation occurred at a more alkaline pH than in 
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Fic. 4. Blood sugar changes following intravenous injection of H-G factor, pre- 
pared from alkali-incubated insulin, into arabbit. 0.45 mg. of protein was injected. 
An assay curve for this material on liver slices is shown in Fig. 2. 





the case of the phosphate solutions. The first precipitate, appearing at 
pH 9.0, had less activity than the precipitates collected at pH 8.0 and 
pH 6.0. All precipitates, however, were more active per unit of protein 
than the supernatant fluids. An assay curve of one of the more active 
fractions is shown in Fig. 2 and the blood sugar response on injection into 
arabbit in Fig. 4. The blood sugar curve shows that this preparation 
was free of insulin. 


Fractionation of Gastric Mucosa 


Extraction and Precipitation by Ammonium Sulfate—Dog stomachs were 
used; if they could not be extracted immediately, they were kept frozen. 
The pyloric part was discarded and as much as possible of the muscular 
layers was removed from the remainder of the stomach. The tissue was 
passed through a meat grinder and placed immediately in 5 volumes of 75 
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per cent ethanol containing 0.18 n HCl. Extraction was carried oy 
overnight in the cold with constant stirring. Solid particles were separate 
by passage through gauze, and the solution was adjusted to pH 8 with 
ammonium hydroxide and filtered. 

The alcohol was removed by evaporation with a blower and ammoniyy 
sulfate (50 gm. per 100 ml.) was added. The mixture was shaken with 
several portions of ether and the ether discarded. This served to remoy 
lipide material and greatly improved subsequent filtration. Almost qj 
the activity was found in the precipitate. 

Precipitation with Alcohol-Ether and Preliminary Fractionation with Ale. 
hol—The dissolved ammonium sulfate precipitate was dialyzed for 1 to) 
days against cold running tap water. After adjusting the pH to abouts 


a variable amount of insoluble material could be discarded, but in order ty | 


Tas_e III 
Ammonium Sulfate Fractionation of Gastric Factor 


The starting material was half maximally active in the liver test system at about | 
160 y of protein. To a solution of 470 mg. of protein in 20 ml. of water a solutiono | 
ammonium sulfate (saturated at room temperature) was added to obtain the desired 


degree of saturation. 





Amount of protein 





‘ 


| 
Saturation of ammonium sulfate Protein recovered | giving half maximal | Activity recovered 
activity 
eee ees Tear ast Sey eee eee = 
per cent | 7 per cent 
0 0.29 42 110 | 61 
0.29-0.46 26 | 185 | 22 
0.46-0.50 4 770 | l 





avoid losses, it was necessary to extract the residue several times with | 
water. The factor was then precipitated by bringing the solution to pH 6 | 
and adding ethanol to a concentration of 85 to 90 per cent, followed by the | 


addition of an equal volume of ether. The precipitate was dried in vacw, 
redissolved in water, and the solution brought to incipient turbidity by 
addition of alcohol to a concentration of 50 to 60 per cent at a pH of about 


5.0. After standing 1 day in the cold, a precipitate was formed which in- | 
cluded a brown pigment and about 25 per cent of the activity. Part of | 


the latter could be recovered by reworking the precipitate. 


The protein in solution was precipitated by addition of an excess of aleo | 


hol and ether and the precipitates were dried and pooled for further frac 


tionation. At this stage of purification half maximal activity in the liver | 


test system was given by 100 to 200 y of protein. On fractionation with 
ammonium sulfate most of the activity was precipitated at 0.29 saturation 
(see Table IIT). 
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Ethanol Fractionation—About 175 mg. of the pooled and dried precipitate 
described in the preceding section were dissolved in 26 ml. of water at pH 
37. Asin the case of the purified pancreatic factor, the alcohol concentra- 
tion had to be raised above 80 per cent before a turbidity developed. The 
precipitate which formed from 83 per cent alcohol overnight at 5° contained 
95 per cent of the protein and 35 per cent of the activity. From the super- 
natant fluid a second fraction was obtained by increasing the alcohol con- 
centration to 91 per cent and adding ether to a final concentration of 7 
per cent; this fraction contained 32 per cent of the protein and 44 per cent 
of the activity. The remainder of the protein (43 per cent) and of the 
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Fig. 5. Blood sugar changes following intravenous injection of H-G factor pre- 
pared from gastric mucosa into a rabbit. 1.0 mg. of protein was injected. Assay 
showed that this material was half maximally active in the liver test system at 27 y 
of protein. 


activity (21 per cent) was precipitated by adding an equal volume of ether. 
The first two fractions which were half maximally active in the liver test 
system at 130 y were used for the fractionation described in the next section. 

Isoelectric Precipitation—About 75 mg. of protein were dissolved in 
\7 ml. of 0.05 m dipotassium phosphate. Dilute HCl was slowly added 
to pH 6.2, when a slight haze developed. A small amount of zine ions 
in the form of zine acetate was added and the material kept overnight in 
the cold. The precipitate which formed showed half maximal activity at 
27 y of protein, while the supernatant fluid which contained the bulk of 
the protein was half maximally active at 130 y. The blood sugar curve 
shown in Fig. 5 was obtained by injecting 1 mg. of the isoelectric precipi- 
tate into a rabbit. 
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In another experiment an isoelectric precipitate was obtained at pH 6) 
which was half maximally active at 12 y of protein. This was the mog 
active fraction prepared from gastric mucosa, but further purification wa 
precluded by the small amount of material left. 

Trichloroacetic Acid Precipitation—A further similarity between th 
pancreatic and gastric factors is that both can be fractionated with ty. 
chloroacetic acid (TCA). In the case of alkali-incubated insulin a egp. 
siderable part of the factor was precipitated by 1.5 per cent TCA, and th 
remainder was precipitated when the concentration of TCA was raised ty 
4.5 percent. Similar results with the gastric factor are shown in Table IV. 

Electrophoretic Patterns—The amorphous insulin (A) and the crystalline 
zinc insulin (B), which were used for the purification of the H-G factor 


TaBLe IV 
Fractionation of Gastric Factor with Trichloroacetic Acid 
The starting material was half maximally active in the liver test system at about 
100 y of protein. 18 per cent trichloroacetic acid (TCA) was added to a solution g 
45 mg. of protein in 12.5 ml. of water. 





Amount of 














i ae eee Protein | protein giving Activit 
Successive fractions recovered Thalf canhenal bor | 
| activity 
ae a eee, | aE" 

per cent 7 per cent 
1. 1.5% TCA ppt. 12 58 21 
7 | ll = | 18 | 52 35 
3. 60%. * ie | 18 | 130 14 
4. Ppt. of supernatant (Fraction 3) from | 19 195 10 

ethanol-ether | | 

Nba Sts 9 ee omohead | eo | 80 





were investigated in the Tiselius apparatus equipped with a long center 
section and the cylindrical lens optical system. A sample of Novo! insulin 
(C) which was free of the H-G factor is included for comparison. Acetate 
buffer of ionic strength 0.1 and at pH 3.8 was used (Fig. 6). 

The mobilities for the main peak on the ascending side were (in sq. em. 
volt! sec.—' X 105 at 1.9°) 5.27, 5.18, and 5.27 for A, B, and C, respectively. 
Measurements on the descending side gave values which were in fait 
agreement. The descending boundaries were much more spread out than 
the ascending ones. 

On the ascending side (Fig. 6) one sees a small, very slow moving peak it 
all three insulin preparations. In one experiment with crystalline mt 
insulin this peak was separated from the main component in the electr> 


’ Obtained from the Novo Terapeutisk Laboratorium, Denmark. 
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phoresis cell by pushing it by means of the compensator device above the 
plate separating the U tube on the descending side. The amount of protein 
recovered was 0.4 mg. (out of 40 mg. present at the start of the run) and 
there was no concentration of the H-G factor in this fraction. A separa- 
tion of part of the main component on the ascending side yielded 32 mg. of 
protein, while the U tube yielded 8 mg. The H-G factor was found to be 
associated with the main component. A repetition of this experiment with 
amorphous insulin, in which case a smaller amount of protein was cut off 


) on the ascending side, again showed that the H-G factor was migrating with 


the main component. 
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Fig. 6. Electrophoretic schlieren diagrams of ascending boundaries in acetate 
buffer, pH 3.8, ionic strength 0.1, after 4 hours at 1.9°. (A) amorphous insulin,(B) 
crystalline zine insulin, (C) Novo insulin free of hyperglycemic factor. 





It may be seen in Fig. 6 that the electrophoretic patterns of the three 
insulin preparations differ in that the amorphous and the crystalline zine 
insulin, but not the Novo preparation, show a small peak just behind the 
main protein component. This peak can be detected after 1 hour of 
electrophoresis at pH 3.8 and is fairly well separated, particularly in the 
amorphous preparation, after 4 hours of electrophoresis. This peak may be 
tentatively identified as the H-G factor, since it is absent in the Novo prep- 
aration. An estimate of the area under this peak on an enlarged pro- 
jection gave 14 per cent for (A) and 10 per cent for (B). This may be 
compared with the 10-fold increase in H-G activity per mg. of protein on 
isolation of the H-G factor from the same insulin preparations. 
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DISCUSSION by tt 


The destruction of activity of the H-G factor from pancreas or from | _ 
gastric mucosa by proteolytic enzymes (1) and the fact that the materials = 
can be dialyzed without loss and purified by protein fractionation methods | ™ 
point to the protein nature of the H-G factor. The H-G factor present ip ae 
the upper two-thirds of the gastric mucosa of the dog can be purified by | - 
the same methods of extraction and precipitation that were successful in | tee 
the purification of the H-G factor of pancreatic origin, an indication that é. 
the two factors are closely related if not identical. A search of the liter. | patt 
ture (see the previous review (1)) has provided a histological basis for thes buf 
findings. Similar cell types which stain characteristically with silve | 
showed a distribution in the gastrointestinal tract and in the pancreas ue 
which followed the distribution of the H-G factor. In the pancreas these fact 
argentophil cells have been identified by some authors as the « cells and ' 
experimental evidence has been presented that the H-G factor may orig. mF 
nate in the a cells (1). form 

Some commercial insulin preparations, including crystalline zine jp- , 
sulin, seem to contain 5 to 10 per cent of the H-G factor. This preliminary 2 
estimate is based partly on electrophoretic observations, partly on an edge 
about 10-fold increase in H-G activity per mg. of protein on purification of ad 
the H-G factor from insulin. The tiny spheroids and flat plates described | 
in a preceding section were half maximally active in the liver test system at Ls 
0.7 of protein, while between 6 and 7 7 of insulin were required to give the | » g, 
same effect. On intravenous injection of H-G factor free of insulin into 3.x 
rabbits, marked effects on the blood sugar level are obtained with 0.2 mg. 
of protein (the minimal amount necessary for a distinct blood sugar rise 
was not determined). No further information is available at this time ona 
possible physiological réle of this factor; its mechanism of action in producing 
glycogenolysis in the liver is under investigation. | 
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SUMMARY 


1. Methods are described for the purification of the hyperglycemic 
glycogenolytic factor of the pancreas and of the gastric mucosa of the dog. 
Both factors showed essentially the same behavior during various pro 
cedures used in their isolation, such as dialysis, salting out with ammonium | 
sulfate, precipitation with trichloroacetic acid, alcohol fractionation, and | 
isoelectric precipitation. The two factors are protein in nature. They 
appear to be closely related and they have been prepared free of insulin. 
On intravenous injection into rabbits they give the same blood sugar | 
response. 

2. A highly purified amorphous insulin, or crystalline zinc insulin, was 
used as the source of the pancreatic factor. Wheninsulin fibrils were formed | 
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by the method of Waugh and then removed by filtration, the filtrate was 
found to contain an increased amount of the H-G factor per mg. of pro- 
tein. Further purification resulted in about a 9-fold increase in activity 
per mg. of protein, as determined with the liver test system. Fractiona- 
tion of alkali-incubated insulin resulted in a 10-fold increase in specific 
activity and yielded a preparation in the form of tiny spheroids which was 


| free of insulin. 


formed | 


3. A separate protein component has been detected in electrophoretic 
patterns of amorphous insulin and of crystalline zinc insulin in acetate 
buffers at pH 3.8. This component amounted to about 10 per cent of 
the total protein and migrated at a slightly slower rate than insulin. Prep- 
grations of insulin which were free of the hyperglycemic-glycogenolytic 
factor did not show this component. From these observations and from 
the degree of purification achieved, it may be concluded that various insu- 
lin preparations contain about 5 to 10 per cent of another protein in the 
form of the hyperglycemic-glycogenolytic factor. 


The technical assistance of Miss Dolores Barta is gratefully acknowl- 
edged. The authors also wish to thank Mr. Robert Loeffel for carrying 
out the electrophoretic measurements. 
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‘THE UTILIZATION OF SOME PHENYLPYRUVIC ACIDS FOR 
GROWTH IN THE RAT* 


By EDWARD C. BUBL anp JOSEPH 8. BUTTS 


(From the Department of Agricultural Chemistry, Oregon Agricultural Experiment 
Station, and the Biochemical Laboratory of the Department of Chemistry, 
Oregon State College, Corvallis, Oregon) 


(Received for publication, March 21, 1949 


Throughout the normal pathway of the metabolism of most amino acids 
there is a constant loss or interchange of amino groups. In the process of 
deamination keto acids, rather than hydroxy acids, appear to be the chief 
products (1, 2). In this manner a variety of keto acids are continuously 
being generated in the animal body. 

The fate of these naturally occurring carbonyl compounds is of particu- 
lar interest in their relation to the promotion of growth. The keto analogue 
has been reported as capable of substituting for the amino acid in the case 
of methionine (3), tryptophan (4), histidine (5), leucine, isoleucine (6), 
and phenylalanine (7). Reports concerning the remaining essential amino 
acids have not appeared in the literature. 

Tyrosine, usually considered as a non-essential amino acid for the growth 
of the white rat, has been shown by Womack and Rose (8) to be capable 
of replacing about one-half of the phenylalanine requirement of the growing 
rat. Since tyrosine is non-essential in the presence of sufficient phenylal- 
anine, the growth effect of the analogues has never been established. 

In an earlier paper (9) it has been shown that when suboptimal amounts 
of phenylalanine are incorporated in an amino acid mixture, otherwise ade- 
quate for the white rat, the additional requirement for phenylalanine is 
met equally well with p-, L-, or DL-tyrosine, as evidenced by normal growth. 

By means of this technique we have studied the utilization of the keto 
analogue of tyrosine, p-hydroxyphenylpyruvic acid, for growth in the rat. 

The keto analogue of phenylalanine, phenylpyruvic acid, has been stated 
inareview by Rose (7) to be capable of promoting growth in the absence of 
phenylalanine. As far as we are aware, no experimental data were reported. 


* Published with the approval of the Monographs Publication Committee, Oregon 
State College; Research paper No. 135, the Department of Agricultural Chemistry, 
Oregon Agricultural Experiment Station, and the Biochemical Laboratory of the 
Department of Chemistry, Oregon State College, Corvallis, Oregon. 

We are indebted to Merck and Company, Inc., Rahway, New Jersey, for a gen- 
erous supply of amino acids used in this study. 

A preliminary report of this work was presented at the meeting of the American 
Chemical Society at Portland, September, 1948. 
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Neither confirmation nor denial of this statement has appeared gubge. 
quently in the literature. Therefore, this analogue also was tested for its 
ability to replace phenylalanine in the diet of the growing rat. 


EXPERIMENTAL 
Weanling rats of the Evans-Long strain were used in this study. They 
were distributed as evenly as possible with respect to weight, litter, and 
sex. At 28 days of age the animals were placed in individual cages and were 


TABLE I 


Composition of Amino Acid Mixture 


gm 
SS ties webs, eas < Bites rks 0.1 
AlGnMe.........5.4.2. Dende habs 0.7*f 
Serine...... ee 0.2° 
Valine..... 2.0% 
Leucine... eer Me. HUES RHR ee 2.4* 
NSS 5.2 au whto ie cies s ? PRLS es Se 1.6" 
Cystine...... dias CELERY iff SE has SRS 0.2 
NNER 5's cee cares bd sas rdvonsis nists, iG wey 0.8" 
Threonine...... , , er 1.4* 
Tryptophan er ne 0.4" 
Aspartic acid ee he 0.2 
Glutamic ‘ me ee 2.0 
Lysine monohydrochioride Py oata'th 3.0* 
Proline.:... «- ; 0.2 
Histidine monohydrochloride 0.95 
Arginine... 0.60 
Sodium bicarbonate : hawt 1.76 
18.51 


* Racemic acid. 
t Alanine was increased when keto acids were fed to keep the nitrogen content 
constant. 


allowed water and the experimental diet ad litum. Weights were recorded 
daily. 

The basal diet and the vitamin supplements were made up according to 
Borman et al. (10), with the exception that biotin was omitted. It was 
assumed and later demonstrated (9) that, since liver extract was included, 


this omission would not be a limiting factor in a 28 day experiment. The | 


animals were fed daily from a weighed amount of food in the containers. 
The food thus measured was always in excess of that consumed. The food 
intakes were calculated by difference after careful collection of any spillage. 

The amino acid mixture was prepared from crystalline amino acids from 
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several sources. In every case these compounds gave excellent analytical 
values, indicating a high degree of purity. 

The amino acid mixture shown in Table I was patterned after that of 
Borman e/ al. (10), except that phenylalanine and tyrosine were omitted and 
arginine was added. Hydroxyproline was also omitted, since earlier studies 
have shown (11, 9) that this omission was not critical. Alanine was added 


TABLE I] 


Experiments Showing Weight Gain with Various Supplements Added to 
Basal Diet 


Each experiment covered 28 days. 








| Total food | 





oe | Rat _ and Total gain in weight | intake Supplements 

gm. | gm. 
31 106 #7 34 135 | 1.0% phenylpyruvie acid, 
31 107 9 26 131 0.5% pui-alanine 
31 108 @ 40 | 155 | 
33 14 3 33 | m9 | 
33 115 9 37 (34)* | 149 
3] 103 ov 35 | 131 | 0.5% pL-phenylalanine, 
31 104 38 | 164 | 0.5% p-hydroxyphenyl- 
31 105 ? 34 | 152 | pyruvie acid, 0.25% ala- 
33 118 ¢ 34 | 175 | nine 
33 119 & 34 | 179 
33 120 9 39 (35.6) 172 
32 109 @ | —8 142 0.5% pL-phenylalanine, 
32 10° | 7 (-—0.5) 124 0.25% pu-alanine 
om. Ye Died (25 days) 82 
30 101 ¢ —10 99 None 
30 102 of —11 93 | 
33 17 —6 = = 
33 121 9 —4(-7.7) | 64 | 
6 37 9 46 | 177 | 05% pL-phenylalanine, 
6 388" | 47 199 0.5% u-tyrosine (Bubl and 
. | Be | 43 | 188 Butts (9)) 
7 85 9 32 (42) 196 








* The figures in parentheses denote the average for group. 


to all the experimental diets to compensate for any lowered nitrogen 
content. The basal diet containing the amino acid mixture, but without 
tyrosine and phenylalanine or the keto analogues, was made up at frequent 
intervals to prevent the development of rancidity. 

Phenylpyruvic acid was prepared according to Herbst and Shemin (12). 
After recrystallization from chloroform the compound yielded the following 
analytical data. 


Calculated, C 65.85, H 4.8; found, C 65.91, H 4.87 
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The p-hydroxyphenylpyruvic acid was prepared in an analogous manne 
with p-hydroxybenzaldehyde as starting material. Analysis of the produet 
after recrystallization from chloroform was as follows: 


Calculated, C 55.20, H 4.08; found, C 55.05, H 4.17 


The compounds were prepared every few days inasmuch as they ap 
relatively unstable. 


| Fs ’ | 
70} - ’ 
y ™| y 
2 | J \ 
. | of ~~ 
60: Ad 
a Fs 
7 / 3 
9 FOP 4 
WwW 
= 


& 


iy nteteage 
yo 


28 32 36 40 44 48 52 56 60 
TIME IN DAYS 
Fic. 1. Growth response of 28 day-old rats to a basal diet containing the keto 

















analogues of tyrosine and phenylalanine. Curve 1, basal diet + 0.5 per cent phenyl- | 


alanine + 0.25 per cent alanine + 0.5 per cent p-hydroxyphenylpyruvic acid; Curve | 


2, basal + 1.0 per cent phenylpyruvic acid + 0.5 per cent alanine; Curve 3, basal + 
0.5 per cent phenylalanine + 0.25 per cent alanine; Curve 4, basal + 0.5 per cent 


alanine. The arrows indicate the point at which the keto acids were withdrawn | 


from the diet. 


DISCUSSION 


Using a technique similar to that of Womack and Rose (8), we have been | 


able to determine the growth-promoting capacity of the keto analogues 0 
both tyrosine and phenylalanine. It can be seen from Table II that if all 


the phenylalanine is removed from the diet, and no supplement is added, | 


loss in weight results. If the phenylalanine-free diet is supplemented with 
1.0 per cent phenylpyruvic acid, the animals gain in weight and thei 
appearance is excellent. 

These experiments confirm the statement of Rose (7) that the keto ans 
logue can totally replace its parent amino acid, phenylalanine. It alw 
corroborates the work of Moss (13) who showed that ingested deutero- 
phenyllactic acid forms tyrosine in the normal rat. Moss concluded that 
the most likely pathway for this conversion is through phenylpyruvie 
acid, followed by oxidation on the ring, then amination to tyrosine. 

When the basal diet was supplemented with 0.5 per cent phenylalanine 
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and 0.25 per cent alanine, poor growth resulted (Table II). When the 
above diet was supplemented with 0.5 per cent p-hydroxyphenylpyruvic 
acid, excellent growth was obtained. Apparently sufficient nitrogen is pres- 
ent to allow animation of the compound. 

Fig. 1 shows the effect of withdrawing the keto acid supplements from the 
diet. Two rats from each group were continued for an additional 8 day 
period. With all the animals the response was the same, a loss of 9 to 
11 gm. during this period. 

During the first 10 to 12 days, the animals receiving the diets supple- 
mented with the keto acids consumed much less food than those receiv- 
ing phenylalanine or tyrosine supplements; consequently growth was much 
inferior. After this initial period, the animals increased their food con- 
sumption and good growth resulted. However, the loss was not fully 
regained and consequently the total growth appears inferior. If one were to 
take as an average the gain from the 40th to the 56th day, the total would 
be well above the average gains of the animals receiving 1.00 percent phenyl- 
alanine (9). The poor food intake is undoubtedly the reason for the slow 
gains, but the reason for the poor food intake is unknown. 


SUMMARY 


1. The keto analogue of tyrosine, p-hydroxyphenylpyruvic acid, can 
replace tyrosine required to meet the demands of the rat on an amino acid 
mixture suboptimal in phenylalanine. 

2. Phenylalanine can be replaced completely by its keto analogue phenyl- 
pyruvic acid in the amino acid requirement of the growing rat. 

3. Because of poor food intakes the animals lose weight or fail to grow 
during the first 8 to 10 days of the experiment. However, as soon as the 
food intakes reach normal levels, the animals grow at excellent rates. 
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THE BIOLOGICAL FORMATION OF SERINE FROM GLYCINE* 
By PHILIP SIEKEVITZ anp DAVID M. GREENBERG 


(From the Division of Biochemistry, University of California Medical School, 
Berkeley) 


(Received for publication, April 12, 1949) 


The biochemical relationship of glycine to serine was first shown by 
Shemin, who, in 1946, demonstrated the conversion in vivo of serine to 
hippuric acid, thus to glycine (1). The reverse of this reaction, the syn- 
thesis of serine from glycine, has been observed by Goldsworthy, Winnick, 
and Greenberg in vivo (2), by Winnick, Moring-Claesson, and Greenberg 
in rat liver homogenates (3), and by Siekevitz, Winnick, and Greenberg 
in rat liver slices (4). Recently, Sakami (5) has demonstrated in vivo that 
added formate condenses with the a-carbon of glycine to form serine. This 
is the reverse of the mechanism postulated by Shemin for the serine to 
glycine reaction. If this is a normal metabolic reaction, the question im- 
mediately arises as to the origin of this formate. It may be noted that 
Sonne, Buchanan, and Delluva (6) have shown that formate can be utilized 
in the pigeon in the synthesis of uric acid. 

A clue to the origin of formate and to the mechanism of the glycine- 
serine reaction was obtained when it was discovered that the rate of up- 
take of the label from a-labeled glycine into the protein of rat liver slices 
was nearly 13 times greater than the uptake when carboxy]-labeled glycine 
was used (7). This indicated a difference in the metabolic pathways 
between the two carbon atoms of glycine. When the serine was isolated 
both from the protein hydrolysates and from the trichloroacetic acid 
filtrates of these slices, it was noted that the distribution of the radio- 
activity was dependent upon the position of the label in the added glycine 
(7). With carboxyl-labeled glycine, only the carboxyl carbon of serine 
was found to be radioactive; with a-labeled glycine, both the a- and - 
carbons of serine were active. Therefore, since the a-carbon of glycine 
may form the 8-carbon of serine and since Sakami has shown that formate 
goes to the 8-carbon of serine in the presence of glycine, it was desirable 
to determine whether the a-carbon of glycine is converted to formate. 
The probability of finding the latter reaction to be a correct one is en- 


* Aided by a grant from the American Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council). We are greatly indebted to 
Dr. M. Calvin and Dr. B. M. Tolbert of the Radiation Laboratory of the University of 
California for the C-labeled glycine and formate used in the present experiments. 

Presented at the annual meeting of the American Society of Biological Chemists, 
Detroit, Michigan, April 18-22, 1949. 
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hanced by the recent observation of Karlsson and Barker (8) that the 
a-carbon of glycine, as well as formate, is involved in the formation of 
carbon atoms 2 and 8 of uric acid in the pigeon. 


EXPERIMENTAL 


General Methods—The rats used were of the Wistar-Slonaker strain, 
of about 200 gm. weight, previously fasted for 24 hours. ‘The livers were 
excised and slices were cut and placed in Krebs-Ringer phosphate buffer 
of pH 7.4, which had been previously gassed with oxygen or with nitrogen 
for 10 minutes. In all experiments, fifteen slices, totaling approximately 
750 mg., wet weight, were placed in 10 ml. ofmedium. They were incubated 
with the specified radioactive substrate for 3 hours at 37°. The anaerobic 
experiments were carried out in an atmosphere of nitrogen, while the 
aerobic experiments were conducted in air. 

All the radioactive samples were deposited on filter paper (Whatman 
No. 50), prepared as described by Melchior and Tarver (9), and were 
counted by using a thin mica window tube and a Tracerlab autoscaler 
model Geiger-Miiller counter. The over-all efficiency of the counting 
arrangement was 6 per cent. The areas of the samples were uniformly 
12.25 sq. cm. The counting time was adjusted to give a counting error 
of from 2 to 3 per cent. The radioactive material could be scraped off 
the hard filter paper easily and reproducibly, so that the weight of the 
material was obtained by weighing the filter paper before and after scraping 
off the sample. 

Isolation of Serine—In the experiments in which only serine was iso- 
lated, 10 per cent trichloroacetic acid (TCA) was added at the end of the 
incubation period to make a final concentration of 5 per cent. The tissue 
was homogenized, centrifuged, and the supernatant drawn off. The latter 
was extracted with ether to remove the TCA, and the solution concen- 
trated to a small volume. Carrier serine was then added, varying from 
400 to 800 mg., the amount being dependent upon the number of purifica- 
tion steps which had to be carried out. The solution was then neutralized, 
and 5 volumes of alcohol were added to precipitate the serine. This 
was then recrystallized five times from water, the p-toluenesulfony] deriva- 
tive prepared (10), and the solution recrystallized twice from 60 per cent 
alcohol. The serine was counted in the form of this derivative, and the 
specific activity corrected to the weight of the amino acid. The melting 
points of the derivative (212-213°) agreed with that given in the literature. 
The C™ of the carboxyl carbon was determined by treatment of the serine 
with ninhydrin (11), the CO, liberated being caught in Ba(OH), and counted 
as BaCO;. The 6-carbon of serine was obtained by the periodate method 
of Nicolet and Shinn, as modified by Rees (12). The formaldehyde re 
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Jeased by this treatment was steam-distilled into dimedon, and the con- 
densation product thus obtained (methylenebis methone) was recrystal- 
lized twice from water by alternately acidifying and then making the so- 
lution alkaline. This derivative was counted as such. The melting point 
of the methylenebis methone checked well with the value given in the 
literature (189°). 

Isolation of Glycine—In experiments in which glycine was isolated, a 
definite amount of carrier glycine was added to the ether-extracted TCA 
filtrates, the solution was neutralized, and 5 volumes of alcohol were 
added to precipitate the glycine. This was recrystallized twice from aque- 
ous alcohol and the acetyl derivative of the glycine prepared (13) and recrys- 
tallized twice from water for counting (m.p. 207-208°). The acetyl glycine 
was then hydrolyzed with 1 N HCl to give free glycine. The latter was 
then recrystallized to constant specific activity. Both the carboxyl and 
a-carbon atoms were obtained from the glycine by the ninhydrin method. 
After the CO: from the carboxyl carbon had been caught in Ba(OH): and 
counted as BaCO;, the residual solution was distilled to dryness, a water 
condenser being employed, with a 0.4 per cent dimedon solution placed 
in the receiver, in order to catch the formaldehyde from the a-carbon. 
The distillation to dryness was repeated three times, water being added 
each time. This treatment gave an adequate precipitate of the methylene- 
bis methone, which was then recrystallized and counted. 

Isolation of Formate—In those experiments in which formate was to be 
isolated, formate at twice the molar concentration of the glycine was 
added at the beginning of the experiment in order to trap any of this 
compound containing C' that might be produced. The pH of the in- 
cubation mixture was then adjusted to 7.4, and, at the end of the 3 hour 
period, 60 mg. of formic acid were added as carrier. The protein was 
then denatured by heating, and the tissue homogenized and centrifuged. 
The supernatant solution was then steam-distilled until 15 volumes came 
over. This quantity was enough to obtain about half of the formate origi- 
nally added as carrier. The steam distillate was next made alkaline, evap- 
orated to dryness, taken up in carbon dioxide-free water, acidified, and 
any residual carbon dioxide driven off by 20 minutes of boiling and aerat- 
ing. The formate was then oxidized to carbon dioxide by mercuric oxide 
(14) and the carbon dioxide caught as barium carbonate and counted as 
such. This method is considered to be specific for formate, and in our 
hands acetate, pyruvate, and glyoxylate were not oxidized to carbon 
dioxide by the procedure. 

The solution which remained after the steam distillation was evaporated 
toa small volume, filtered, and subjected to the carrier method of analysis, 
as already described for serine and glycine. 











848 BIOLOGICAL FORMATION OF SERINE 


Control Experiments—For the methods given above to be considered 
valid, it must be shown that (1) the specific activity of a given aming 
acid is not changed by its conversion into derivatives or degradation prod. 
ucts if the specific activity is expressed in terms of the weight of the amino 
acid, and (2) that the compounds isolated by the carrier technique ar 
free of radioactive impurities. 

In dealing with the first criterion it has been pointed out (15) that 
“in practice all carbon compounds that do not contain atoms of high atomie 
number require practically identical correction (for self-absorption) 
any given surface density, all other variables being the same.’’ Accord. 
ingly, a table of self-absorption corrections obtained with radioactive 
glycine! was used for various carbon compounds containing elements of 
about the same atomic weight.’ 

The following experiment was designed to show that the specific activity 
of the a-carbon of glycine (counted as the methylenebis methone deriva. 
tive) plus that of the carboxy! carbon (counted as BaCO;) is equal to that 
of. glycine (counted as glycine) and to that of acetyl glycine (counted as 
acetyl glycine), when each specific activity is expressed in terms of glycine, 

Carboxyl-labeled glycine was mixed with a-labeled glycine to give, in 
effect, doubly labeled glycine. To an aliquot of this preparation carrier 
glycine was added, and the product was precipitated by alcohol and 
counted as glycine. The ninhydrin method already described was used to 
isolate both carbon atoms of the glycine. The carboxy] carbon was counted 











as BaCOs, the a-carbon, which gives formaldehyde by this method, as the | 
HCHO-dimedon compound, after recrystallizing twice from water. An- | 


other portion of the carrier glycine was converted to the acety! derivative 
(see above) and counted. This acetylglycine was treated as before to give 


free glycine, and the C' of the carboxyl and a-carbons of the glycine ob- | 


tained from acetylglycine was determined as described above. The re 
sults are given in Table I. The specific activity of the acetylglycine was 
multiplied by the factor 1.56, which is the ratio of the molecular weight of 
acetylglycine to that of glycine. Likewise, the activity of the HCHO- 
dimedon compound was multiplied by 3.89 (the ratio of the molecular 
weight of this derivative to that of glycine). The specific activity of the 
BaCO; was multiplied by 2.63 (the ratio of the molecular weight of BaC0; 
to glycine). The self-absorption corrections for BaCO; were taken from 
Table I given by Yankwich and coworkers (16). The absorption curve 


1 Goldsworthy, P., Greenberg, D. M., Peterson, E., Siekevitz, P., and Winnick, 
T., unpublished experiments. 

2 In the case of the p-toluenesulfonyl derivative of serine, referred to later, the 
sulfur contained in the molecule is considered insufficient to alter significantly the 
self-absorption correction obtained from the glycine curve. 
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for glycine was used for glycine, acetylglycine, and the HCHO-dimedon 
derivative.’ 

It can be seen that, within a 3 per cent error, both the glycine figures 
agree With that for acetylglycine. The sum of the values for the a- and 
carboxy] carbons of glycine agrees within 4 per cent with the correspond- 
ing glycine figures. 

The second criterion, that of the absence of radioactive contaminants, 
ig a more serious One, since a very minute quantity of radioactive im- 
purity, if it is fairly active, can produce a large error in the specific activity 
of the isolated compound. It has been shown (3) that serine can be freed 
from traces of radioactive glycine by repeated recrystallizations. Be- 


TABLE I 


Specific Radioactivity of Glycine, As Determined by Counting Glycine and Its 





Derivatives 
: | Average 
Compound isolated — Pavey — 
as glycine as glycine 
counts counis | counts 
per min. | per min. | per min. 
per mg. per mg. | per mg. 
Original glycine........ thd cob ek manila he | 83.2 83.2 
83.0 83.0 83.1 
UND GUPUOMYE Gs... icon 05 iene cc maw esa ene 11.9 | 31.3 | 
| 14.7 | 38.7 | 34.0 
Methylenebis methone from a-C............. 11.9 46.3 46.3 
INS scicinrein'n «isc 0.000 « els. tuemcaehin ine a aE ee ee 81.5 | 81.5 
Glyeine from hydrolysis of acetylglycine..... 83.2 83.2 | 
84.1 84.1 | 83.6 
BaCO; from carboxyl C................ eee waa) TES 33.4 | 33.4 
Methylenebis methone from a-C......... er ayer 11.4 | 44.3 | 
12.3 47.8 46.1 





cause this procedure is critical in the carrier technique, those experiments 
were repeated, with the added step of converting the serine to the p-tol- 
uenesulfonyl derivative. Table II shows that this procedure is sufficient 
to rid the serine of traces of radioactive glycine impurity. 

The reverse experiment, 7.e. the separation of traces of radioactive 
serine from glycine, could not be performed because of the unavailability 
of radioactive serine. However, the specific activity of glycine obtained 
from radioactive protein hydrolysates, which also contained radioactive 
serine, was not altered upon acetylation and recrystallization (2). 

For the HCHO-dimedon derivative, constant specific activity was held 
a sufficient criterion of purity, provided that the formaldehyde was steam- 
distilled into the dimedon solution. In certain experiments, when the 
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dimedon solution was added directly to the reaction mixture, the precipi- 
tated HCHO-dimedon derivative had activity. These could not be ye. 
moved by two recrystallizations from water, although the specific actiy ity 
did drop. If, however, a change of phase was made to occur (steam dis. 








TABLE II 
Purification of Serine Containing Radioactive Glycine 
0.1 mg. of glycine (40,000 counts per minute) was added to a 1 ml. solution eon. 
taining 800 mg. of serine. 
Purification process Specific activity 
counts per min. 
per mg 
Initial serine (calculated)...... 5 B 4 50.0 
Crystallized once from alcohol............ 26.1 
Recrystallized twice more from siecle ne once oe Ww pater 13.9 
Recrystallized once more from water... ka: a abaanetiretitas sp ating 1.9 
cc ce cc é cc oy 
er Ge ae Pe 1.6 
p-Toluenesulfonyl derivative prepared ony recrystallized once from 
alcohol. . Wes Pas as ba Sos Saar aa 0.2 
Derivative seeryetallived once more from diechot. 0.0 
TaBLeE III 
Formation of Serine from Glycine 
1 mg. of radioactive glycine was used in each experiment. The radioactivity 


of the glycine varied i in the individu: al expe riments, 8, ranging from 2 to 3 ue. 











| Recovered counts of serinet 
Seqgeigest | | ae of Cis Atom 1ere and ne ee Te ee — 
in glycine additions rot : = | 
ii lat ate 4.2 2.9 1.3 | 0.0 
lb | Carboxyl C c| « 2.9 0.0 0.0 2.9 
ald eoumcamibe | N 5.5 
3 “cc ae 5.8 
4 | bor 5.6 | | 
- | ~ | 
5a ec ni Lee 7.4 0.3 0.0 
5b Air;0.0l1m KCN | 7.8 | 





* Each experiment refers to a different animal. 

+ Per cent recovered counts (see equation (1) for the definition). 

t The per cent of counts in the a-carbon equals the total minus that in the 
B-carbon minus that in the carboxyl carbon. 


tillation of the formaldehyde), activity of the HCHO-dimedon derivative 
could no longer be counted. 
RESULTS AND DISCUSSION 


Table IiI summarizes the experiments on the aerobic and the anaerobit 
synthesis of serine from glycine by rat liver slices. Table IV gives the 
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detailed data of a typical experiment (Experiment la in Table III). These 
data are representative of the procedures employed in the experiments 
in Table III and of the results reported in Tables IV toIlX. To calculate 
the per cent of recovered counts, it must be first noted that the over-all 


TABLE IV 
Representative Experimental Data on Formation of Serine from Glycine 

Fifteen rat liver slices were incubated for 3 hours in 10 ml. of Krebs-Ringer phos- 
phate buffer of pH 7.4 in each of five flasks, to which was added 1 mg. (2.88 ye.) of 
C4H.NH.COOH to give a final concentration of 1.2 mm per liter. The medium 
was aerated with O, for 10 minutes previous to the addition of the slices. The 
TCA filtrates of these five flasks, containing a total of 1,926,000 counts per minute 
were pooled, and to three-fourths of this solution, containing 1,445,000 counts per 
minute, were added 1000 mg. of serine carrier. 








Serine derivative and isolation procedure employment | poner Recovered 
| as serine counts 
counts 

per min. 
| per mg. 
Serine recrystallized once from water....... eer ss | GY 
a twice more from water | 100.2 
p-Toluenesulfony! derivative, recrystallized once from ale ohol | 82.8 
=f ne as “«« more from | 
EE errr rrr | 64.1 | 
p-Toluenesulfony] derivative, recry stallized once more from 
0 ATEN | LAS Seek Ye heh | 61.4 a & 
HCHO-dimedon compound, from 8-C of serine... 25.9 | 
“ ss recrystallized once from). water 22.4 | 
” “ ss ” more from | 
errr Sr re nt ee rt ee | 1.3 
mee em carboxy] C of aetitie.....56 05. sects cel Vineness | 0.0 | 0.0 





*M.p. 212-213°; reported by MacChesney and ‘Swann (10) 212-213°; N 5.56 
per cent, calculated 5.43 per cent. 
+ M.p. 189-190°; reported by Rees (12) 189°. 





efficiency of the counting arrangement is 6 per cent, and that lye. is equal 
to 2.33 X 10° counts per minute. The formula used, therefore, is 


Recovered counts = 100 


1) specific activity of radioactive compound X amount carrier added 
total counts added (2.33 X 10° X 0.06 X microcuries added) 





It can be noted (Table III) that the glycine to serine reaction goes at a 
faster rate in nitrogen than in air,’ and that cyanide has no inhibiting 


* One result contrary to this finding is given in Table VI (Experiments 4a and 4b). 
No explanation can now be offered for this exception. 
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effect. It is seen that the a-carbon of glycine forms both the a- ands | 
carbons of serine, while the carboxyl carbon forms only the carboxy] car | OC 
bon of serine. Also, Experiments la and Ib, taken together, indicate | ea 
that the a- and carboxy] carbons of the glycine go together to form serine | a 
since the percentage of recovered counts (2.9) is the same in the two cages | eo 

To demonstrate this in another way, doubly labeled glycine was used, | pe 
as described in the experimental section. The serine was isolated from | 
the TCA filtrates and the C™ distribution was determined. The percent. | TI 





is 
TABLE V 
Formation of Labeled Serine from Non-Radioactive Glycine and Radivactive Format fo 
1 ml. of radioactive sodium formate, equivalent to 0.6 mg. of formie acid and 
containing 333,000 counts per minute, was added to make a final concentration of 
1.2 mm per liter. The glycine concentration was 1.2 mM per liter. Glycine was 
also isolated and gave zero counts in the intact glycine and in the «- and carboxyl 
carbons in these experiments. 
E ; Recovered counts of serine | 
—s Atmosphere ; 
Total a-C B-C Carboxyl C I 
la Air 3.70 | 0.00 3.70 0.0 
2a rn 3.04 0.01 3.03 0.0 
lb N 0.44 0.11 0.33 0.0 | 
2b | i 0.11 0.01 0.10 0.0 
* Each experiment number refers to a different animal. 
age distribution of the radioactivity present in each of the carbon atoms 
is given below. 
55%...CH2NH. 14%....CH,OH 
l es l 
15%... COOH 14%... CHNH» 
| 
12%... COOH . 3 
This distribution indicates that 1 molecule of glycine goes to serine intact, |‘ 


while another molecule is broken up and the a-carbon attaches to the | ! 
a-carbon of the unsplit glycine to form the 8-carbon of the resulting serine. | 
This result raises the question: In what form is the a-carbon of glycine 
transferred to become the 8-carbon of serine? | 

Synthesis of Serine from Formate and Glycine—first, the Sakami exper- | ! 
ment was repeated with our in vitro procedure. Radioactive formate | 
was added to an equimolar amount of non-radioactive glycine and the | | 
glycine and serine were isolated. The results are reported in Table V. | 
It can be seen that Experiments la, 2a, and 2b in Table V agree with | 
those of Sakami in that all the radioactivity can be accounted for in the ) 
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3-carbon. However, in Experiment 1b only 75 per cent of the total serine 
¢¥ can be accounted for in the 8 position. No counts were found in the 
earboxy] group in this instance. The discrepancy may well be due to 
q counting error because of the low specific activity of the serine (1.6 
counts per minute per mg.) and that of its B-carbon (1.2 counts per minute 
per mg.). 

The formate fixation proceeds more rapidly in air than in nitrogen. 
This can mean either that the fixation requires oxygen or else that there 
is a greater dilution of the formate anaerobically. 

Degradation of Glycine to Formate—The results in Table VI show that 
formate is produced from the a-carbon of glycine and not from the car- 


TaBLeE VI 
Production of Formate from Glycine 


| mg. of radioactive glycine was added in each experiment to make a final con- 
centration of 1.2 mm per liter. 





Recovered counts 


Concentration meERRRRmEREEnR Rant: ‘iiaiisainie ocucanrecni: 


mapemest gmp ‘i ¥ sone Atmosphere Serine | 
: : — | Formate 

Total =| B-C | 

mM perl. | | 
nit! 24 Air 7.9 | 1.09 | 0.88 
2a fe 2.4 N 10.2 0.50 0.36 
2b Carboxyl C 2.4 ‘i, 0.00 
3a o-C 2.4 , 0.25 
3bt 2.4 A 0.00 
da 1.2 : 7.9 1.31 0.69 

4b a La 


N 5.4 0.27 0.25 
*Each experiment refers to a different animal. 
t The tissue was boiled in this experiment, then added to the medium. 


boxyl earbon. In Experiment 3b, in which boiled slices were used, the 
COs, which was the oxidation product of the distilled formate, had no 
radioactivity. 

The data in Table VII, which is a composite of certain of the results 
in Tables I1] and VI, give added evidence for the formation of formate 
from the a-carbon of glycine. It is to be noted that in air, but not in 
nitrogen, the C™ in the 8-carbon of serine is diluted in those experiments 
in which inactive formate was added. A possible explanation of this is 
that there is a greater amount of inactive formate already available in 
the presence of nitrogen, so that the addition of a further small amount of 
inactive formate does not make much difference in the percentage figures 
in Table VII. If this reasoning is correct, it can mean only that there is a 
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source of formate in the fasted rat liver other than the a-carbon of glycine, 
This explanation is in harmony with the results in Table V, which show 
an apparent decrease in the extent of the condensation of formate with 
glycine in nitrogen, as compared with that in air. 

Inability of Carbon Dioxide to Form Formate—Table VIII shows that 
CO; does not go to formate, since the isolated formate and the 8-carbon 
of serme have no counts. This experiment can also serve as a control 
experiment for the production of formate from glycine, since the C™ jn the 


TaB_e VII 
Dilution of cus Concentration of B-Carbon of Serine by Added Inactive Formate 


Atmosphere Concentration of formate Per cent of total counts of serine 
added | in B-( 
———— _ 
mM perl | "o' 
Air 0.0 | 32, 37, 24 
1.2 16 
: 2.4 14 
N 0.0 { 
ss 1.2 5 
le 2.4 a Pe 


TaBLeE VIII 
Inability of Carbon Dioxide to Form Formate 
1 ml. of a NaHCO; solution (2.5 um of COz) containing 669,000 counts per minute 
was added. Inactive glycine and inactive formate were introduced to give a con- 
centration of 1.2 mm per liter each. 


| | 


Recovered counts of serine | Glycine 
— Atmosphere | : = "8 = 7 eerie Formate 
Eh UB B-C cee Total act | arboxy! 
ae an ee | Ms rs Se can 
la | Air 0.28 | 0.00 | 0.00 | 0.32 | 0.05 | 0.00 | 0.05 | 0.00 
lb N | 0.00 


; 0.00 0.00 


formate is determined by oxidizing the formate to CO» and collecting the 
CO2. 

Non-Reversibility of Glycine to Formate Reaction—Table V, taken to- 
gether with Table IX, shows that labeled formate does not give rise to 
labeled glycine. In the experiments of Table IX glutamine was used as 
an ammonia source. (A glutaminase is present in liver and is active at the 
pH of the experiments (17).) 

Reaction Mechanisms—The results reported here indicate that the con- 
version of glycine to serine is not a simple process. The over-all reaction 
apparently is represented by equations (2) and (3). 








Ew ——————— 








ly cine, 
. show 
® with 


S that 
carbon 
‘ontrol 
in the 


Formate 


of serine 


minute 
e & con- 


Formate 


| 0.00 
0.00 


ing the 


ken to- 
rise to 
used as 
e at the 


she con- 
reaction 











P, SIEKEVITZ AND D. M. GREENBERG 855 


(2) CH:NH:COOH + 2H:0 — (CHOCOOH) — HCOOH + CO; + NH; + 4H 
(3) HCOOH + CH:NH.,COOH + 2H — CH,OHCHNH.COOH + H,0 


Though there is a glycine oxidase present in liver, it is not now known 
whether the metabolic pathway of glycine to serine operates through 
glyoxylic acid, though that seems the most logical intermediate at present. 
From equations (2) and (3), it appears that, while 1 glycine molecule is 
held seemingly immobile, the other is oxidized and partly converted to 
formate, the latter in turn condensing with the intact glycine. No other 
compound is known to the authors to be so metabolized. This is not a 
dismutation as written, in that 1 mole of glycine or glyoxylic acid is not 
reduced at the expense of another mole of glycine being oxidized. Also, 
the equations (2) and (3) show that there must be another hydrogen 


TABLE IX 
Inability of Bicarbonate to Condense with Formate in Presence of Glutamine to Form 
Glycine 
1 ml. of radioactive sodium formate, equivalent to 0.6 mg. of formic acid, and 
containing 333,000 counts per minute, was added to make a final concentration of 
1.2 mM per liter. The glutamine concentration was 1.2 mm per liter. 























Recovered counts of serine 
Experiment No. Atmosphere Glycine 
Total | B-C 
la | N:-CO2 0.62 0.62 | 0.00 
1b | Oz-COs 1.20 | 1.09 | 0.00 





acceptor present in the system besides the reactants given in equation 
(3). 

It might well be, as Bach has suggested (18), that glycine condenses 
with some other metabolite before being oxidized. This can explain the 
lack of oxidation of glycine when added to tissue slices, as found by him 
and by Siekevitz (7). It is evident that hydrogen acceptors must be present 
to explain the imbalance of the hydrogen atoms shown in equations (2) 
and (3). 

Since we believe, for the reasons given above, that there is another 
source of formate in our system besides the a-carbon of glycine, the exist- 
ence of this source may be a step towards the explanation of the dis- 
crepancy in the above equations. In experiments on the formation of 
uric acid, the isotopically labeled carboxyl group of acetic acid was found 
to occupy the same carbon positions as labeled formic acid (6). Experi- 
ments are now under way to determine whether acetate is the precursor 
of the extra glycine source of formate. 
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The authors are indebted to Dr. Theodore Winnick for valuable assist. 
ance and criticism in the conduct of the experimental work and in the 
preparation of the manuscript. 


SUMMARY 


1. The synthesis of serine from glycine by rat liver slices has been shown 
to occur both aerobically and anaerobically. 

2. It has been demonstrated that labeled formate plus unlabeled glycine 
will give labeled serine, the radioactivity being all accounted for in the 
B-carbon. 

3. The two carbon atoms of glycine behave differently in that the car. 
boxyl carbon is metabolized probably to carbon dioxide, but definitely 
not to formate, while the a-carbon appears as formate. The production 
of formate from the a-carbon of glycine is not reversible under the condi- 
tions of our experiments. 

4. Carbon dioxide is not reduced to formate by rat liver slices. 

5. The formate formed from glycine condenses with another molecule 
of glycine to give serine. From the percentage of radioactivity in the 
B-carbon of serine, relative to the total radioactivity of the serine, it is 
concluded that there is another source of formate in the fasted rat liver 
slice, which is more active anaerobically than aerobically. 
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SYNTHESIS AND SOME BIOLOGICAL PROPERTIES OF 
i-AMINOPTEROYLASPARTIC ACID 


By B. L. HUTCHINGS, J. H. MOWAT, J. J. OLESON, A. L. GAZZOLA, E. M. 
BOGGIANO, D. R. SEEGER,* J. H. BOOTHE, C. W. WALLER, R. B. 
ANGIER, J. SEMB, ano Y. SUBBAROWT 


(From the Lederle Laboratories Division, American Cyanamid Company, Pearl River, 
New York) 


(Received for publication, April 27, 1949) 


In an earlier communication the synthesis and certain of the anti- 
pteroylglutamic acid properties of pteroylaspartic acid were described (1). 
The related compound, N-[4-{[{(2,4-diamino-6-pteridyl)methy]]amino} ben- 
goyllaspartic acid, which will be designated as 4-aminopteroylaspartic 
acid, has been prepared and the inhibitory nature of the compound on the 
growth of bacteria, chicks, and rats has been determined. By comparing 
the relative activities of the two compounds it is possible to assess the 
efiect of the introduction of an amino group in place of the hydroxyl 
group on the pteridine ring on the antipteroylglutamic acid properties of 
this class of compounds. 


EXPERIMENTAL 
Synthesis of 4-Amtnopteroylaspartic Acid 


p-Aminobenzoylaspartic Acid—-A mixture of p-nitrobenzoylaspartie acid 
(1) (640 gm.) and water (8 liters) was adjusted to pH 3.0 and reduced 
with zine dust (800 gm.) and concentrated hydrochloric acid (1350 ml.) 
as described by Boothe et al. (2). When the reduction was complete, the 
excess zinc was removed by filtration and the filtrate was used in the fol- 
lowing reaction. 

4-Aminopteroylaspartic Acid—In a procedure similar to that described 
by Seeger et al. (3) for the synthesis of 4-aminopteroylglutamic acid, 
2,4,5,6-tetraaminopyrimidine sulfate (4) (770 gm.) and 1,3,3-tribromo- 
propanone-2 (5) (430 ml.) were added to the well stirred filtrate contain- 
ing the p-aminobenzoylaspartic acid. The mixture was then heated at 
80° for 30 minutes and maintained at pH 2.0 by the addition of 2.5 nN 
sodium hydroxide solution. The mixture was then adjusted to pH 3.5 
to 4.0, cooled, and filtered. The filter cake was washed successively with 
5 per cent sodium chloride solution, acetone, and ether. 


*Present address, Caleo Chemical Division, American Cyanamid Company, 
Bound Brook, New Jersey. 


t Deceased, August 9, 1948. 
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This crude product was dissolved in 65 liters of 0.1 N sodium hydroxide 
solution at 35-40°, stirred for 30 minutes, and filtered. The filtrate was 
then heated to 70°, treated with 600 ml. of a 30 per cent calcium chloride 
solution, and again filtered. The filtrate was adjusted to pH 1.0 with 
hydrochloric acid, heated to 85-90°, and filtered while hot. On cooling, 
the product crystallized as small needles. Yield 131 gm. Chemical 
assay (6) indicated the product to be approximately 75 per cent pur. 
Further purification was effected by recrystallization from dilute hydro. 
chloric acid. 

CisHisOsNs-HCl. Calculated. C 46.71, H 4.14, N 24.21, Cl 7.66 
Found. “2:48. * St, * 7 


39 


Inhibition of Bacterial Growth—The effect of 4-aminopteroylaspartic 
acid on the growth of certain bacteria was investigated. The medium 
used for each organism was as follows: Streptococcus faecalis R was grown 
on the medium of Teply and Elvehjem (7), Escherichia coli BG-22! was 
cultured on a similar medium adjusted to pH 6.0 from which the purines 
and pyrimidines were omitted, and Lactobacillus arabinosus was grown on 
a modified Teply and Elvehjem medium in which sodium acetate was 
used as the buffer and only 1 per cent glucose was added; L. arabinosus 
and E. coli were incubated 16 hours at 37° and S. faecalis R was ineu- 
bated 16 hours at 32°. 

When the inhibition index is reported, it is defined as the ratio of in- 
hibitor to metabolite that will produce one-half maximum inhibition. 

Rat and Chick Experiments—The experimental conditions were similar 
to those previously described (1). 


Results 


Bacterial Inhibition—The inhibition indices for a number of the pteroyl 
compounds as metabolites of S. faecalis R are tabulated in Table | 
With S. faecalis R, 4-aminopteroylaspartic acid is a typical competitive 
antagonist for pteroylglutamic acid and related compounds. ‘The action 
of the inhibitor is similar to that of pteroylaspartic acid but different 
from that of 4-aminopteroylglutamic acid. Oleson et al. (8) showed the 
latter compound to be a strong inhibitor of the growth of S. faecalis R. 
The inhibition could be reversed by the addition of excess pteroylglutamic 
acid, but it was noted that the reversal of the inhibition by the addition 
of graded amounts of pteroylglutamic acid was not a direct function of 
the ratios of the concentration of metabolite to inhibitor. The present 
data indicate that the replacement of the hydroxyl group of the pteridine 
ring by an amino group is not the sole determining factor for the abnor- 
mal behavior of 4-aminopteroylglutamic acid. 


1 This culture was originally isolated in these laboratories in 1917. 
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It is interesting to note that 4-aminopteroylaspartic acid is consider- 
ably more active than pteroylaspartic acid in inhibiting the growth in- 
duced by pteroic acid or pteroylglutamic acid. When the metabolites 
pteroyl-y-glutamylglutamic acid and _pteroyl-y-glutamyl-y-glutamylglu- 
tamic acid are used, the two antagonists show approximately the same 
activity. ‘This is most probably due to the fact that the pteroyltriglu- 
tamic acid compound is utilized with difficulty by the organism. Hence, 
the association between the metabolite and enzyme is so weak that this, 
rather than the inhibitory nature of the antagonist, becomes the limiting 


TABLE I 
4-Aminopteroylaspartic Acid Inhibition of Metabolites for Streptococcus faecalis R 

















aie Ee 
| per 10 ml. 

NOTE oid OTe SR. ERR Dee Le ea we Ont eee | 0.004 0.35 
" Se asin est 4.a'a5, Oo ohms ee IRs eal tone 0.04 0.39 

1 TA ives adie dew VERS OLAS Se 0.4 0.15 
i REE CEE OT TE Tee ere ee 0.003 1.65 

. Me oh bbs HE owe es eee 0.03 0.50 

5 TE nay ok th eee aa eee ee 0.3 0.23 

” er en are: rn eee ae 3.0 0.73 
Pteroyl-y-glutamylglutamic acid ....................... | 0.005 4.12 
. eo ee eee | 0.05 2.5 

45 a nr oe 0.5 1.79 
Pteroyl-y-glutamyl-y-glutamylglutamic acid ............. 0.07 1.0 
‘ ° nin’ 3 0.28 

" en oe er 7.0 0.15 





* Ratio of the amount of inhibitor to metabolite that will produce half maximum 
inhibition. 


factor. The pteroyldiglutamic acid compound would also fall in this 
category. 

The effect of 4-aminopteroylaspartic acid on the growth of S. faecalis 
R, E. coli, and L. arabinosus is outlined in Table II. £. coli and L. 
arabinosus, as examples of bacteria that do not require preformed pteroyl- 
glutamic acid, were completely inhibited by the addition of from 300 
to 500 y and 10 to 15 y of 4-aminopteroylaspartic acid per 10 ml. of me- 
dium respectively. Data are presented on the results of the addition of 
compounds that have been shown to replace pteroylglutamie acid in the 
nutrition of various lactic acid bacteria (9, 10) or that have been shown 


to function in the synthesis of thymidine in certain microorganisms 
(11, 12). 
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TaBLeE II 

Effect of Various Compounds on 4-Aminopteroylaspartic Acid Inhibition 
When negative results are tabulated, the figure in parentheses represents the 
highest concentration used. When positive results are expressed, the effective 
concentration of the compound is indicated in parentheses. + indicates half 
maximum reversal. 





Compounds 
Organism ok Ce nk te Bh 2 Reet ro. A Pes. 
Pteroylglutamic acid Thymine Vitamin By Thymidine* 
L. arabinosus — (1 mg.) — (4 mg.) — (10 7) + (0.1 mg.) 
a a 3 €P 0) + (0.5 mg.) - (0 “)| + @.1 *) 
S. faecalie R....... -t- + (7.57) | — (10 “) + (0.1 “) 


* Used as a concentrate. 


TaBLeE III 
Effect of 4-Aminopteroylaspartic Acid on Chicks 


Average weights* 








ora | Supplement ——-. 
| Initial 7 days | 14 days | 21 days 
| gm. gm. | gm. gm. 
| None 39 (7)) 76 (7)|105 (7);110 (5) 
2 | 0.25 mg. pteroylglutamic acid per kilo diet 38 (7) 83 (7))147 (7) 212 (7) 
3 | As (2) + 0.25 mg. 4-aminopteroylaspartic | 39 (7)| 71 (7)/134 (6) 202 6 
| acid per kilo diet 
4 | As (2) + 1.0 mg. 4-aminopteroylaspartic 39 (7)| 76 (6) 134 (5)|196 (5) 
acid per kilo diet 
5 | As (2) + 2.0 mg. 4-aminopteroylaspartic 39 (7)| 71 (7))135 (7)|202 (7 
acid per kilo diet 
6 | As (2) + 4.0 mg. 4-aminopteroylaspartic | 89 (7)} 74 (7)|130 (7))185 (7 
acid per kilo | 
7 | None | 39 (8)} 60 (8)} 72 (7) 
8 | As (7) + 257 pteroylglutamic acidt | 39 (8) 71 (8)'133 (8)! 
9 | “ (7) + 0.5 mg. 4-aminopteroylaspartic | 39 (8) 
acidt 
10 | As (9) + 5y pteroylglutamiec acidt | 39 (8) 51 (5)) 95 (3) 
11 | “ (9) +107 a ies | 39 (8)| 51 (7)106 (6) 
12; “ 9) +157 " ali, | 39 (8)| 59 (7),111 (7) 
13 | “ (9) + Uy . si | 38 (8)| 64 (7)|114 (8) 
14 | None | 46 (8)| 75 (8)| 99 (7) 
15 | As (14) + 50 y pteroylglutamic acidt | 47 (8)| 84 (8)|140 (8) 
16 “ (14) + 0.5 mg. 4-aminopteroylaspartic | 46 (8)| 55 (6)| 76 (1) 
| acidt | | 
17 | As (16) + 20 y pteroylglutamic acidt 46 (8)| 73 (8) 128 (8) 
18 | “ (16) + 40“ " i 47 (8)| 79 (6) 127 (6) 
19 | “ (16) + 50 “ " i 47 (8)| 87 (7),139 (7) 








* The figures in parentheses indicate the number of survivors. 
+ Intramuscularly five times weekly. 
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With S. faecalis R the growth inhibition induced by 4-aminopteroyl- 
aspartic acid was completely reversed by the addition of pteroylglutamic 
acid, thymine, or a thymidine concentrate. However, the growth result- 
ing from the addition of thymine or thymidine could not be inhibited by 
extremely high levels of 4-aminopteroylaspartic acid (2 mg. per 10 ml.). 

Thymine and thymidine were able to reverse the inhibition partially 
when E. coli was used as the test organism. With L. arabinosus only the 


Tas_e IV 
Effect of 4-Aminopteroylaspartic Acid on Rat 


Average weights* 








Comp Supplement a : 
Initial | 1 wk. 2 wks. 3wks. | 4wks. 
1 | None | 39 (7) | 56 (7) | 82 (7) | 102 (7) | 144 (7) 
2 | 3.0mg. 4-aminopteroylaspartic| 39 (10)} 56 (10) 81 (10)! 112 (10)) 144 (10) 
| acidf 

3 | 6.0mg. 4-aminopteroylaspartic | 42 (9) | 46 (9) | 77 (5) | 109 () | 136 ) 
acidt | 

4| As (3) + 60 y pteroylglutamic | 40 (4) | 58 (4) | 82 (4) | 111 (4) | 142 (4) 

_ acidt | | | | 

5 | None 41 (7) | 50 (7) | 74 (7) | 104 (7) | 129 (7) 

6 | 0.6mg. 4-aminopteroylaspartic| 43 (5) | 51 (5) | 71 (5) | 92 (5) | 116 (5) 
acidt | | 

7 | 1.0mg.4-aminopteroylaspartic| 48 (5) | 50 (5) | 63 (5) | 86 (5) | 109 (5) 
acidt 

8 | 3.0mg. 4-aminopteroylaspartic! 41 (10) 46 (10) 60 (8) 80 (5) | 101 (5) 
acidt 

9 None | 44 (8) | 63 (8) 91 (8) | 120 (8) | 146 (8) 

10 | 0.5mg. 4-aminopteroylaspartic ; 45 (8) | 58 (8) | 78 (6) | 103 (6) 133 (5) 
acidt 

11 As(10) + 50 y pteroylglutamic | 45 (8) | 59 (8) | 72 (8) | 105 (7) | 132 (7) 
acidt 

12 As (10) + 100 y pteroylglutamic’ 44 (6) | 61 (6) | 89 (6) | 117 (6) | 147 (6) 
acidt 


* The figures in parentheses indicate the number of survivors. 
t Orally five times weekly. 
t Intramuscularly five times weekly. 


thymidine concentrate had a partial effect. ‘The inhibition of this organ- 
ism appears to be due in part to an interference in the synthesis of thy- 
midine. These results are similar to those noted by Shive and coworkers 
(13) for Leuconostoc mesenteroides. 

Various combinations of the compounds were tried, but no combination 
was more effective than the single compounds noted. 
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Chick—The results of the various chick experiments are tabulated jp 
Table III. The data indicate that the route of administration is impor. 
tant. When administered orally, the compound is inactive at a ratio of 
metabolite to inhibitor of 1:16. On intramuscular injection the inhibitor 
is markedly more effective. At a ratio of 1:10 the growth effects of 
pteroylglutamic acid are neutralized. It is apparent with chicks and bag. 
teria that 4-aminopteroylaspartic acid is approximately 50 times as active 
as pteroylaspartic acid in reversing the growth effects of pteroylglutamic 
acid. 

Rat—As an inhibitor of the growth of rats 4-aminopteroylaspartic acid 
is markedly inferior to the corresponding glutamic acid analogue. The 
oral feeding of 6 mg. of the inhibitor per day produces approximately 50 
per cent mortality and a partial inhibition of growth in the survivors 
When 3 mg. per day are injected intramuscularly, a more pronounced 
growth inhibition is evident. With 0.5 mg. intramuscularly some growth 
retardation occurs. This effect is counteracted by the injection of 
100 y of pteroylglutamic acid. The inhibitor produced no gross symp- 
toms of pteroylglutamic acid deficiency other than that of a general re- 
tardation in growth. 


DISCUSSION 


Under the conditions of the present investigation, 4-aminopteroyl- 
aspartic acid behaves as a competitive metabolite antagonist in that the 
degree of inhibition is a function of the concentration of the metabolite, 

The deficiency induced in the chick and the rat is not of a precipi- 
tous nature but is characterized by a gradual onset of the deficiency 
symptoms more akin to those of a simple dietary depletion of the vita- 
min. These results are in contrast to those obtained previously with 
4-aminopteroylglutamic acid. It is of interest to speculate whether the 
4-amino group is responsible for the strong inhibitory action of the glu- 
tamic acid analogue or whether the activity of the compound can be 
presumed to be due to its very close structural similarity to pteroyl- 
glutamic acid. If the amino group is responsible, other 4-amino ana- 
logues of the pteroyl compounds should also show to a certain extent the 
biological properties associated with 4-aminopteroylglutamic acid. The 
present results would indicate that the 4-amino group increases the inhibi- 
tory power of the compound but that the competitive nature of the an- 
tagonist is retained. 

The enhanced activity of 4-aminopteroylaspartic acid is reflected 
the increased inhibitory activity of the compound for bacteria and the 
chick but more noticeably in the ability of the 4-amino derivative t0 
inhibit the growth of bacteria that do not require preformed pteroyl 
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glutamic acid and to produce a growth retardation in the rat. Pteroyl- 
aspartic acid was inactive under these latter conditions. 


SUMMARY 


The synthesis of 4-aminopteroylaspartic acid from p-aminobenzoyl- 
aspartic acid, 1,3,3-tribromopropanone-2, and 2,4,5,6-tetraaminopyr- 
jmidine is described. The compound is a competitive antagonist of 
pteroylglutamic acid in the chick, the rat, and in certain bacteria that 
require preformed pteroylglutamic acid as a metabolite. 


It is a pleasure to express our appreciation to Mr. L. Brancone and 
coworkers for the microanalyses. 
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THE PRIMARY AND SECONDARY COMPOUNDS OF CATALASE 
AND METHYL OR ETHYL HYDROGEN PEROXIDE* 


III. REACTIONS IN CONCENTRATED ALKYL HYDROGEN 
PEROXIDE SOLUTIONS 


By BRITTON CHANCET 
(From the Biochemical Department of the Nobel Medical Institute, Stockholm, Sweden) 


(Received for publication, February 7, 1949) 


The experiments in Paper II (1) have indicated that the velocity of the 
spontaneous decomposition of the primary and secondary catalase alkyl 
hydrogen peroxides is very slow in dilute alkyl hydrogen peroxide solutions 
(ks ~ 2 X 10° and 1 X 10~ sec. respectively). In concentrated ethyl 
hydrogen peroxide solutions, the molarity of alcohol present in the alkyl 
hydrogen peroxide solutions could be sufficient to cause appreciable peroxi- 
datic activity of complex I. However, catalase is largely in the form of 
complex II under these conditions, and the latter has negligible peroxida- 
tie activity (ky ~ 1 X 10-? m™ &X sec.) compared with the primary com- 
plex (~1 X 10® m™ &X sec.~*). 

Stern (2) has, however, made spectroscopic and titrimetric studies of the 
decomposition of ethyl hydrogen peroxide by catalase in relatively concen- 
trated catalase and ethyl hydrogen peroxide solutions and has concluded 
that the red secondary catalase-ethyl hydrogen peroxide complex dis- 
covered by him has the properties of a Michaelis intermediate in this reac- 
tion. Complex I was not, however, recognized by Stern at that time. 

In this paper, calculations based upon Stern’s data and new experimen- 
tal data indicate that the secondary catalase-ethyl hydrogen peroxide com- 
plex is not responsible for the observed decomposition of ethyl hydrogen 

. peroxide according to the Michaelis theory. A small amount of the pri- 
mary compound has been detected in this reaction and affords a partial ex- 
planation of the disappearance of ethyl hydrogen peroxide according to 
the Michaelis theory. 

Calculation of Activity of Catalase in Concentrated Ethyl Hydrogen 
Peroxide Solutions on Basis of Stern’s Data—Assuming that complex II 
is the Michaelis intermediate in this reaction, its rate of breakdown (ks) 
or the turnover number can be easily calculated from the Michaelis con- 
stant (K,,) by the simple relation K, = (ks + ke)/k; (see (1), Equations 
3 and 4) where k; is the rate of formation and k, the rate of reversible break- 


*This is Paper 5 of a series on catalases and peroxidases. 
t John Simon Guggenheim Memorial Fellow (1946-48). Present address, Johnson 
Research Foundation, University of Pennsylvania, Philadelphia. 
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down of complex IJ. According to Stern’s paper, the equations would 
be written 


k 
Cat + C,H;,OOH on on Cat-C,H,OOH 


2 
ks , 
Cat-C.H;0OH ———— Cat + reaction products 


Stern (2) has already given spectroscopic and activity data for K,, 
According to his spectroscopic data, the ethyl hydrogen peroxide concen. 
tration giving complete conversion of catalase to complex II is 0.3 m, and 
the value for half conversion (K,,) is no greater than 0.1 m because of the 
hyperbolic nature of a saturation characteristic and because of the dis. 
appearance of ethyl hydrogen peroxide during the formation of complex 
II. On the other hand, Stern’s activity-substrate relationship gives K, 
= 0.02 m. Thus K,, lies between 0.02 and 0.1 m. Stern and DuBois (3) 
have shown that complex II is half formed in 2 seconds (see Chance (1)) in 
0.1 m ethyl hydrogen peroxide. Thusk; = 3.5m X sec... Assuming k 
= (0, the value of k; is ks = kiKm, or kz lies between 0.35 and 0.07 see. 
If kz ¥ 0, k3 is even less than these values. 

It can now be determined whether the turnover of ethyl hydrogen per- 
oxide based upon the titrimetric data of Stern’s Table II (2) is consistent 
with this value of ks. 

At 23° the reaction is apparently of zero order, as might be expected 
when the initial substrate concentration is 0.2 m and the Michaelis con- 
stant is 0.02 m (at 10°); at least the reaction should be of zero order in its 
initial phases. The fact that the reaction is zero order when the substrate 
concentration falls to 0.006 m is an inconsistency not discussed by Stem. 

Assuming, however, that the enzyme is saturated with substrate, the 
rate of breakdown of the enzyme-substrate compound is given by the 
equation, kj = (dxz/dt X 1/e) (see (1), Equation 9). dz/dt is the rate of 
disappearance of ethyl hydrogen peroxide and e is the catalase concentra- 
tion. dz/dt is about 0.8 cc. of 0.1 Nn C;.H;OOH per minute or (8 X 10% X 
0.1)/(2 X 60) = 6.7 X 10-7 mole per second in a total volume of 5 ce. a, 
on a molar basis, 1.8 X 10-*m X sec.-. 

The concentration of the stock catalase solution is obtained on the a 
sumption that Stern’s catalase preparation would have had Kat f = 30,00 
had he purified it. From the definition of Kat f, the gm. of catalase per 
50 cc. = 2020/30,000 = 6.7 X 10-. If gm. per 50 cc. are converted to 
moles per liter, (6.7 X 107? X 10*)/(2.25 x 10° X 50) = 6 X 10°™ 
But since this solution was diluted at 2/5, e = 2.4 X 10~ m catalase or 72 
X 10 m hematin iron and ky = da/dt X 1/e = (1.3 X 10~)/(7.2 x 10%) = 
18 sec.—! from the data of Table II (2). From Stern’s Fig. 4 (2), ks is cal 
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culated to be 34 sec.—' in 0.1 m ethyl hydrogen peroxide and 6 sec.~ in 
0.01 m ethyl hydrogen peroxide at 23°. All these values are large compared 
to ky calculated from K,, above. 

At 0° the kinetic data are not consistent with those at 23°, and the 
reaction, strangely enough, is quite accurately of the first order in spite 
of the fact that the Michaelis constant at this temperature, 0.02 M, is con- 
siderably less than the initial substrate concentration. The activity may 
be calculated as for catalase and hydrogen peroxide; on the assumption 
that the free enzyme or a saturated intermediate reacts with the sub- 
strate 


2.3 log — = k,et 
x 


























195 340 233 
110 
€ 
405 
405m ETHYL 
an | Ses ——<—— | HYDROGEN 
PEROXIDE - mM. 
1—__1__{ : et 10 
87 142 133 oO 25 50 75 100 


MINUTES 

Fig. 1. The kinetics of catalase ethyl hydrogen peroxide compound I (423 my) 
and compound II (435 mz) and compound I + II (405 my) and of the disappearance of 
ethyl hydrogen peroxide (250 mu) measured in the Beckman spectrophotometer. 
The extinction coefficients (e) of free catalase at 405, 423, and 435 my are indicated by 
the first point on the curves att = 0. The units of « are cm! X mm. 3.5 uM 
of hematin iron horse liver catalase; 9.5 mm of initial ethyl hydrogen peroxide; pH 
6.5;0.01 a phosphate; temperature 25° (Experiment 148). 


where k, is the rate of reaction of enzyme and substrate and ¢ is in seconds. 
i, is not calculated in this case, since the first order kinetics indicate that 
kis not a rate-determining step under these conditions. The quantity 
k, can be readily computed from Stern’s Table IT, (1/#) logic (xo/x) =0.022 
min., and on substitution 


_ 2.3 X 0.022 
~ 60 X 10.7 X 10° 


or, at 20°, about 400 m— X sec.'. 

On the basis of Stern’s spectroscopic and kinetic data k; < 0.35 sec.—, 
and, on the basis of his titrimetric data, a value of about 34 sec.— is re- 
quired in 0.1 m ethyl hydrogen peroxide; the discrepancy is in excess of 
100-fold. A discrepancy exists if the values of k, from spectroscopic (3.5 


ky 





= 80m X sec.“ 
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mM’ X sec.) and titrimetric (400 Mm! X sec.) tests are compared, again 
in excess of 100-fold. The inconsistencies in Stern’s spectroscopic and 
titrimetric data are obvious. 

Simultaneous Measurements of Kinetics of Ethyl Hydrogen Peroxide ang 
Catalase—We have repeated Stern’s experiments in a somewhat mor 
comprehensive fashion, and the results are shown in Figs. 1 and 2. 

It is the purpose of these experiments to determine whether the green 
primary complex I or the red secondary complex II of catalase and ethy| 
hydrogen peroxide is the Michaelis enzyme-substrate complex in this re. 
action. By observing both the over-all reaction and the enzyme-substrate 
kinetics the definitive correlations developed in the study of peroxidase 
can be applied here. 

No difficulty has been encountered in obtaining approximately simul- 
taneous measurements of the kinetics of the disappearance of ethy! hydro- 
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MINUTES 
Fic. 2. The acceleration of the disappearance of ethyl hydrogen peroxide in the 
presence of 10 mm of ethanol. Other conditions are the same as in Fig. 1. 


gen peroxide and the shifts in the catalase spectrum at three wave-lengths 
from a single experiment with the ordinary Beckman spectrophotometer 
without any special mixing devices. The disappearance of ethyl hydrogen 
peroxide was measured at the minimum of the catalase band at 250 mp 
where the extinction coefficient of ethyl hydrogen peroxide is 0.0132 em 
xX mm (Reiche (4)). The assumption was made that no shift of the 
catalase band occurs at this wave-length during the reaction, an assump- 
tion which is supported by the absence of any shift caused by other sub- 
stances, for example, cyanide. However, the total density change during 
the reaction was about 25 per cent less than that expected, owing possibly 
to the absorption of an oxidation product of ethyl hydrogen peroxide. 

The wave-lengths selected for the study of catalase are 423 ma, at 
which complex I alone is registered, 435 my, at which complex II alone 
is registered, and 405 my, at which both complexes I and II are regis 
tered (5). Ethyl hydrogen peroxide has negligible absorption at these 
wave-lengths. 
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In Fig. 1 the disappearance of ethyl hydrogen peroxide is seen to follow 
a zero order course as found by Stern at 23°. If k; (k; = dx/dt XK 1/e) is 
calculated for a saturated enzyme-substrate complex in which all three 
horse liver catalase hematins are involved, a value of 1.4 sec.~ is found, 
which is somewhat smaller than the value of 6 sec.~' calculated from 
Stern’s data for 0.01 m ethyl hydrogen peroxide. 
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Fic. 3. Recordings of the kinetics of catalase ethyl hydrogen peroxide I and II 
obtained in the capillary of the rapid flow apparatus. The initial phases of the re- 
actions of Figs. 1 and 2 are more clearly shown here. 3.4 um of hematin iron horse 
liver catalase; 10 mm of ethanol; 10 ma of ethyl hydrogen peroxide; temperature 28° 
(Experiment 147). 


At 435 my, the kinetics of catalase in Figs. 1 and 2 demonstrate the 
gross inconsistency between the concentration of complex II and the rate 
of reaction measured at 250 my; the concentration of complex IT remains 
very near its saturation value, even though the rate of disappearance of 
the ethyl hydrogen peroxide has fallen to a very small value. This indi- 
cates that complex II is not a Michaelis intermediate in this reaction. In 
quantitative terms, a Michaelis intermediate cannot exist at its satura- 
tion value if its rate of breakdown (1.4 sec.) is 14 times greater than its 
tate of formation (see Chance (1), Table III). At 405 my, the sum of com- 
pounds I and II is registered and is seen to remain at a saturation value 
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as long as the reaction is of zero order. At the end of the reaction, only 
60 per cent of the initial catalase concentration is recovered. Possible 
explanations are that there is still sufficient ethyl hydrogen peroxide 
present to give an appreciable concentration of complex I or that some of 
the enzyme has been destroyed. At 423 mu, the concentration of complex 
I is registered, except that its very rapid initial formation and nearly com. 
plete disappearance are not shown, since this occurred in the first 1 
seconds of the reaction (see Fig. 3). The kinetics do show that a meagur. 
able amount of complex I exists during the reaction. 

In the presence of added ethanol (10 mm), the disappearance of ethy! 
hydrogen peroxide is accelerated, as shown in Fig. 2, and k;’ = dx/dt x 
1/e = 4.8 sec., calculated on the basis of a saturated enzyme-substrate 
complex. The kinetics of catalase are similar to those of Fig. 1, except 
that the correspondence between the zero order disappearance of ethyl 
hydrogen peroxide and the concentration of complexes I and II regis. 
tered at 405 my is much better in Fig. 2 than in Fig. 1. Again an appie- 
ciable concentration of complex I is seen at 423 my. The inconsistency 
between the kinetics of complex II recorded at 435 my and the over-all 
reaction is apparent. 

In order to demonstrate that there is a small concentration of complex 
I in this reaction, the same experiment was carried out in the rapid flow 
apparatus and the kinetics at these three wave-lengths are shown by Fig. 
3. The difference between the kinetics at 435 and 410 my (the kinetics 
at 410 my differ but little from those at 405 my; see Chance (5)) is very 
distinct, but the kinetics at 410 mu show a definite similarity to those at 
423 my in the light of the following interpretation. 

The observation tube of the rapid flow apparatus is initially filled with 
some complex II formed in a previous identical experiment. Initiation of 
the flow of reactants does not give the optical density of free catalase; 
complex I forms in a half time of about 7 milliseconds. The records there- 
fore show the partial formation of complex I at the fastest flow velocities 
at both 410 and 423 mu. When the flow stops (the flow lasts for about 03 
second), complex I then changes into complex II to an extent depending 
upon the catalase, ethyl hydrogen peroxide, and ethanol concentrations. 
This change is clearly shown by the rapid upward deflection of the tracing 
at 423 mu. Under these conditions, a small steady state concentration d 
complex I still exists, as illustrated by the definite downward deflection 
at 423 my with respect to the point marked “catalase.” As the ethyl hy- 
drogen peroxide disappears, the concentration of complex I increases some- 
what, as shown by the increasing downward deflections at both 410 and 
423 mu. At the same time, the concentration of complex II decreases, 
owing to the conversion of complex II toI. However, the kinetics of com- 
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plex II cannot follow those of complex I instantaneously because of the 
slower breakdown of complex II. Thus the relatively rapid upward de- 
flection at 410 my at about 300 seconds is caused by a decrease of the con- 
centration of complex I and the release of some free catalase when the bulk 
of the ethyl hydrogen peroxide is exhausted. There is a less definite but 
corresponding change at 423 my at 360 seconds. After this time, the slow 
conversion of complex II to I and to free catalase continues, which gives 
only a small differential change at 410 my. 

Based upon this interpretation of these curves, the amount of complex 
| after the reaction has proceeded for several minutes is estimated at 20 
per cent directly from the curve at 423 my. This amount of complex I 
causes the peroxidatic activity measured at 250 mu in Fig. 2. The rate 
of breakdown (k;) calculated in Fig. 2 for a saturated enzyme-substrate 
complex can now be corrected for the fact that only 20 per cent of the 
catalase is in the form of complex I. Thus k3 = 4.8/0.20 = 24 sec... 

It is of considerable interest to determine whether the value of k, for the 
reaction of complex I with ethanol is the same in this reaction as 
that found previously (1). Equation 12 (see Chance (1)) is used for this 
calculation. If ks is taken to be 5.6 sec.~! (see below) and k; as 24 sec.—, k; 
= ky + kydo, ky = (24 — 5.6)/0.01 = 1800 mu X sec. There is rough 
agreement with the value of k, found in more dilute ethyl hydrogen 
peroxide solutions (2100 m~ X sec.-) (1). Thus the amount of complex 
I present in Figs. 2 and 3 is adequate to account for the disappearance 
of ethyl hydrogen peroxide by the ordinary peroxidatic mechanism. 

In order to explain the disappearance of ethyl hydrogen peroxide in 
Fig. 1, an estimate of the concentration of complex I is required. This 
is more difficult to estimate in Fig. 1 than in Figs. 2 and 3, because the 
kinetics of complex I are not so clearly distinguished from those of complex 
Il. Roughly estimated from the extinction at 423 mu, the concentration 
of complex I is about 25 per cent. The value of k; calculated on the basis 
of 25 per cent of the catalase in the form of complex I is 1.4/0.25 = 5.6 
sec. Equation 13 (1) can now be used to compute the amount of ethanol 
which is required to raise ks to 5.6 sec.. This is 2.5 mm of ethanol. On 
the basis of 10 ma of initial ethyl hydrogen peroxide, this represents 25 per 
cent and is considerably larger than the value previously obtained (on the 
basis of the variation of k3, with 2» in Table V (1) f was 0.08, or only 8 per 
cent of the ethyl hydrogen peroxide solution could be ethanol). 

Whereas the reaction of complex I with ethanol affords a satisfactory 
explanation of Figs. 2 and 3, not enough ethanol is present in Fig. 1 to 
provide a complete explanation. Only 30 per cent of the activity can be 
accounted for in this manner. Nevertheless, the agreement is very much 
closer than in the calculations above, which were based on the kineties 
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of complex II in which only 1 per cent of the activity can be explained. 
Two suggestions for accounting for the discrepancy of the calculation based 
on complex I are given below. 

Direct evidence for the presence of some acceptor (probably ethanol) 
was obtained by a redistillation of the stock ethyl hydrogen peroxide goly. 
tion after dilution with an equal volume of water. Two fractions, one. 
third the total volume each, were taken, and the activity of catalase in the 
presence of equal concentrations of ethyl hydrogen peroxide in these two 
fractions was measured under the same conditions as in Fig. | (ethyl! hy. 
drogen peroxide concentration 9 mm). The values of k; were found to be 
(0.92 and 0.46 sec. for the first and second distillates respectively, as could 
be expected from the relatively higher volatility of ethanol. 

It is very important to note that the initial ethanol concentration may 
not be depleted in this reaction because ethanol is a reduction produet of 
ethyl hydrogen peroxide (6). 

The measured concentration of complex I, its known reactivity towards 
ethanol, and the indication that ethanol is present in the ethy! hydrogen 
peroxide solution partially account for the velocity of decomposition of 
strong ethyl hydrogen peroxide by catalase. The slow rate of formation 
of complex IT and its existence at its saturation value during the decompos- 
tion of ethyl hydrogen peroxide are incompatible with the observed rate 
of decomposition of ethyl hydrogen peroxide. According to the Michaelis 
theory, complex II can make a negligible contribution to the activity, 
However, in order to explain the high values of /; in Fig. 1 and in Stern’s 
tests, the following suggestions may be made. (1) The spontaneous break- 
down of complex I (k;) is larger in strong ethyl hydrogen peroxide solutions. 
(2) In strong ethyl hydrogen peroxide solutions, the catalase solu- 
tions employed may exert a catalytic influence not related to the concen- 
tration of complex I or IT (iron itself is a catalyst in the decomposition of 
diethyl] peroxide (7)). 

Activity of Catalase towards Strong Methyl Hydrogen Peroxide—By using 
the same technique as in Figs. | and 2, the disappearance of 11 mw 
of methyl hydrogen peroxide in the presence of 3.9 um of hematin iron 
horse blood catalase was measured. The values of k3; computed on the basis 
of the total enzyme concentration (not upon the amount in the form of the 
primary compound) are 1.8 sec. and, with the addition of 10 mw 
of ethanol, 2.0 sec’. Thus the decomposition of strong methyl hydro- 
gen peroxide proceeds at about the same rate as that of strong ethyl hy- 
drogen peroxide. The much smaller increment of rate upon the addition 
of ethanol may be caused by the more complete conversion of complex ! 
to complex II in the presence of strong methyl hydrogen peroxide. 
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B. CHANCE 873 


SUMMARY 


In strong ethyl hydrogen peroxide solutions, the rapid disappearance 
of ethyl hydrogen peroxide, the slow formation of catalase ethyl hydrogen 
peroxide II, and the large concentration of this complex are incompatible 
with Stern’s conclusion (2) that this compound has the properties postu- 
lated by Michaelis and Menten for an enzyme-substrate compound. 
Under these conditions, the presence of complex I has been demonstrated 
and, owing to ethanol present in the ethyl hydrogen peroxide solutions, 
can account for a portion of the observed activity by means of the 
peroxidatic reaction found previously (1). On addition of a known 
amount of ethanol, the increment in the rate of disappearance of ethyl 
hydrogen peroxide is roughly equal to that expected from measurements 
of the peroxidatic activity of complex I in dilute solutions. 
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ENZYMATIC SYNTHESIS OF A COMPOUND WITH ACETYL- 
CHOLINE-LIKE BIOLOGICAL ACTIVITY* 


By DAVID NACHMANSOHN, SHLOMO HESTRIN,+ anp 
HELEN VORIPAIEFF 


(From the Department of Neurology, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, April 18, 1949) 


Previous work on the enzymatic acetylation of choline required the use 
of bioassays (1,2). The concentrations of acetylcholine formed were small. 
No adequate chemical method for the determination of the ester was avail- 
able. These difficulties have been overcome. 

The choline-acetylating system of rabbit brain has been purified and 
concentrated by fractional ammonium sulfate precipitation. The pro- 
cedure was as follows: Acetone-dried powder or rabbit brain is extracted 
at 4-6°, with 15 ml. of a solution, per gm. of powder, of the following 
composition: KCl 0.2 m; MgCl, 1 mm; NagHPO,6mm; NaCl2mm. The 
pH is maintained at 7.2. The suspension is centrifuged and the super- 
natant is fractionated with ammonium sulfate solution. The precipi- 
tate formed at 16 per cent ammonium sulfate is inactive and may be 
discarded. The precipitate obtained when the concentration of ammonium 
sulfate is increased to 36 per cent contains the bulk of the activity. The 
precipitate is taken up in about 2 ml. of a solution of the composition 
described above, supplemented with cysteine 2 mm and dialyzed for 3 
hours against the same solution in the cold (4-6°). The enzyme solu- 
tio keeps at 4° for several days without loss of activity. 

The test system contained the following (micromoles per ml.): choline 
chloride 10, sodium acetate 10, adenosine triphosphate 6, cysteine 30, 
KCl 40, MgCl, 0.7, CaCl, 2, sodium phosphate 1.5; pH 7.0 to 7.2. The 
added acetate was found to be an essential component. Coenzyme was 
added in the form of a soluble dry preparation from hog liver at a final 
concentration of 2 mg. of powder per ml.' 1 ml. of reaction mixture 
usually contained 0.15 ml. of enzyme solution. To inactivate any cholin- 
esterase which might still be present, tetraethyl pyrophosphate (10 y 
per ml.) was included. Calcium was found to be necessary for the full 
activity of the enzyme. The mixture is incubated in test-tubes at 37°. 


*This investigation was supported by research grants from the Office of Naval 
Research and the Division of Research Grants and Fellowships of the National 
Institutes of Health, United States Public Health Service. 

t Present address, The Hebrew University, Jerusalem. 

‘We are indebted to Parke, Davis and Company for this preparation. 
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Air was used in the gas phase, since the amount of cysteine present was 
found to be sufficient to counteract the inhibitory effect of oxygen. Sam. 
ples were removed at intervals and analyzed directly by the chemical] 
method (3) and by bioassay after deproteinization (1). 

The activity of the reaction mixture as determined by the bioassay 
rose from about 0.01 yeq. to 1.5 to 2.7 weq. (270 to 470 y) of acetylcholine 
per ml. at the end of 3 hours. The yield referred to 1 gm. of protein 
was equivalent to about 180 mg. of acetylcholine chloride per hour, At 
the concentrations finally used for bioassay (dilution factor of original 
solution 500 to 1000) the components of the reaction mixture added in. 








2.4) 
€ 
$2.0 
a 
o 
=16; BIOASSAY 
rs 
2 
=e |.2) 
uJ 
@ 
£08 
3 
x= 
2 
ag CHEMICAL ASSAY 
a 

) 2 3 4 5 


Hours 
Fig. 1. Acetylcholine equivalents formed by enzymatic synthesis and determined 
by bioassay (frog rectus abdominis) and colorimetrically. 


itially, separately or together, failed to elicit contraction of the frog rectus 
muscle and did not modify the response of the muscle to standard acetyl: 
choline solutions. 

The amount of acetylcholine was found to fall in a range which may 
be determined chemically by the colorimetric method recently introduced 
by Hestrin (8). This method is based on the reaction of O-acyl groups 
with hydroxylamine in alkaline medium and is thus suitable for the de 
termination of the acetyl group of acetylcholine in the presence of choline 
and acetate. Less than half of the total biological activity of the enzymat 
ically formed product could be accounted for by the chemical method 
(Fig. 1). Acetylcholine added to the reaction mixture at the outset or at 
the termination of incubation was recovered analytically without |oss 
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both with bioassay and with the chemical procedure. It thus follows 
that the greater part of the effect obtained in the bioassay is due to a 
substance which appears to have the same biological action as acetyl- 
choline and which may be distinguished from the latter chemically.2 In 
the absence of added choline, the product with biological activity was 
synthesized in amounts ranging between 0.4 and 0.6 yeq. of acetylcholine 
per ml. The chemical determination showed that no acetylcholine was 
formed when choline was omitted from the reaction mixture. 

By further fractionation with ammonium sulfate, the quotient (micro- 
equivalents of biological activity)/(micromoles of acetylcholine) could be 
changed. A protein fraction precipitated at between 16 and 25 per cent 
ammonium sulfate synthesized acetylcholine preferentially and formed 
relatively little of the other biologically active substance (quotient, ~1.3). 
When this protein fraction was incubated in a test system to which choline 
was not added, little or no biological activity was found. The protein 
fraction precipitated at between 25 and 36 per cent ammonium sulfate 
formed both active compounds (quotient, ~1.5 to 3). This fraction 
also mediated a considerable synthesis of product with acetylcholine- 
like activity in a test system to which choline was not added. 

Experiments to isolate and identify the new compound are in progress. 


SUMMARY 


1. The choline-acetylating system derived from rabbit brain was puri- 
fied and concentrated by fractionation with ammonium sulfate. On in- 
cubation with choline, acetate, adenosine triphosphate, cysteine, coenzyme, 
and the ions potassium, calcium, and magnesium, this enzyme formed up 
to 2 to 3 weq. of acetylcholine activity per ml. 

2. The reaction product was tested by bioassay and with a chemical 
method for ester determination. A considerable discrepancy was ob- 
served between the two methods of analysis. 

3. Evidence is presented that the acetylating enzyme system derived 
from brain forms, in addition to acetylcholine, a second product which 


exhibits the same biological activity as acetylcholine but differs from this 
ester chemically. 
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* The biological properties of the enzymatically formed product are being investi- 
gated by Dr. S. Middleton and Dr. H. H. Middleton and will be reported separately. 
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ACYLATION REACTIONS MEDIATED BY PURIFIED ACETYL- 
CHOLINE ESTERASE* 


By SHLOMO HESTRIN?{ 


(From the Department of Neurology, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, April 18, 1949) 


Earlier investigators have observed increases of pharmacological ac- 
tivity when crude tissue preparations are incubated in a concentrated 
solution of choline chloride and sodium acetate (1, 2). Inhibitors of 
esterase were shown to inhibit this reaction (3). It was suggested that 
a synthesis of acetylcholine had been effected in the test mixture to which 
inhibitor had not been added and that this synthesis had been mediated 
by an esterase. Findings presented below afford an experimental proof 
of this view. 

An equilibrium 


{Acetylcholine*][water] a 
[Acetic acid][cholinet] 





was demonstrated with the use of a highly purified preparation of acetyl- 
choline esterase (4) as the catalyst. An equilibrium of a corresponding 
form was also observed in the presence of propionic acid. Alkaline hydrox- 
ylamine reagent (5) was used to estimate acetylcholine in the presence 
of an excess of the other participants ef equilibrium. A representative 
experiment shown in Table I illustrates the attainment of equilibrium 
from the two reaction directions. The Nernst equilibrium constant (K), 
which is calculated in molarity, was found to have the value 0.25 at 23°. 
The free energy change of acetylcholine hydrolysis, estimated from the 
equation (6), AF° = —RT In (55.5/K), was found to be approximately 
-3100 calories.! 

Formation of hydroxamic acid was observed when sodium acetate or 
propionate was incubated with hydroxylamine in the presence of acetyl- 
choline esterase (see Table II). The acylation could be slowed or en- 
tirely prevented by inclusion of acetylcholine esterase inhibitors in the 
reaction mixture; e.g., choline, prostigmine, or tetraethylpyrophosphate. 

* This investigation was supported by research grants from the Office of Naval 
Research and the Division of Research Grants and Fellowships of the National 
Institutes of Health, United States Public Health Service. 

t Present address, The Hebrew University, Jerusalem. 


‘The author is greatly indebted to Professor O. Meyerhof for the discussion of 
this computation. 
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The findings provide experimental support for the suggestion by Lip. 
mann (7) that the acylation of hydroxylamine by liver homogenate in the 
absence of added adenosine triphosphate is mediated by the activity of ap 
O-acylhydrolase (lipase, esterase). It may be concluded that the acetyl. 


TABLE I 
Synthesis and Hydrolysis of Acetylcholine by Acetylcholine Esterase 


The reaction mixture contained initially per ml. 1.4 mo» of choline chloride, |4 


mm of sodium acetate, and 41 mm of water. To Sample A no acetylcholine was 
added. To Sample B 8 um of acetylcholine chloride per ml. were added at the out. 
set. An amount of enzyme is present which would hydrolyze 2 gm. of acetyl. 


choline chloride per hour in optimum conditions. The pH was set at 5.1 with hydro. 
chloric acid; temperature 23°. 


Acetylcholine, um per ml., at different times 


Sample eens Ss eeincoaeseadimnaiuiiacesinieracemnetbaeeodeeditraesere 
0 min. 60 min. | 120 min. 180 min, 
f 0 2.9 3.4 3.5 
B 8.0 4.5 3.9 3.8 
TaBLeE II 


Synthesis of Acethydroxamic Acid by Acetylcholine Esterase 

The reaction mixture contained per ml. 0.75 mM of sodium acetate and 1.00 mx 
of hydroxylamine. Sample A contained per ml. sufficient enzyme to hydrolyx 
3 gm. of acetylcholine chloride per hour in optimum conditions. Sample B con. 
tained no enzyme. The pH was set with sodium hydroxide at 7.1; temperature 37°. 
At intervals aliquots of 0.5 ml. were brought to pH 1 with 1.0 n hydrochloric acid 
and diluted with 0.1 N hydrochloric acid. Acethydroxamic acid was determined 
colorimetrically by adding 1 ml. of 5 per cent ferric chloride in 0.1 N hydrochloric 
acid to 4 ml. of the diluted aliquot. The colored complex showed maximum ab- 
sorption of light in the expected region, 500 to 520 mu. A standard solution of 
acethydroxamic acid was prepared by allowing acetylcholine to react with an alka- 
line solution of hydroxylamine. 


Acethydroxamic acid, um per ml., at different times 





Sample ae ee ee eee hs 7 ee 
0 min. 5 min. | 55 min. | 70 min. 83 min. 
A 0 | 0.9 9.0 11.9 14.5 


B 0 | 0 | 0 





choline esterase mediates both N and O acylations. Substrate specificity 
and pH functions of these reactions will be described separately (8.) 


The writer is indebted to Professor David Nachmansohn for his interest 
and for valuable suggestions. 
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SUMMARY 


1. Purified acetylcholine esterase obtained from electrical tissue of Elec- 
trophorus electricus mediated a reversible hydrolysis of acetyl- and pro- 
pionylcholine. The free energy change of hydrolysis of acetylcholine as 
estimated from the equilibrium constant was about —3100 calories. 

2. Hydroxamic acid formation is observed when this enzyme is incu- 
bated with hydroxylamine in the presence of acetate or propionate. The 
reaction was inhibited by choline, prostigmine, and tetraethyl pyrophos- 
phate. The esterase therefore is able to mediate both N and O acylation. 
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STARCHES AND THEIR DERIVATIVES AS ADSORBENTS FOR 
MALT a-AMYLASE* 


By SIGMUND SCHWIMMER anp A. K. BALLS 


(From the Enzyme Research Division, Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department 
of Agriculture, Albany, California) 


(Received for publication, May 31, 1949) 


Some 40 years ago Starkenstein (1) demonstrated that liver amylase 
is removed from solution by a suspension of insoluble starch. Similar 
adsorption was later observed by Ambard (2) with salivary amylase and 
by Chodat and Philia (3) with malt “diastase.” Boekestein (4), using 
pancreatic a-amylase, reported a detailed study on the effects of temper- 
ature, pH, and adsorbent concentration on its adsorption by rice, wheat, 
and potato starch. No experimental data are given. Holmberg (5, 6) 
showed that malt a-amylase could be separated from the 8-amylase by 
adsorption of the former on starch from cold 50 per cent ethanol in the 
presence of maltose. His results showed that the adsorption increased 
with increasing alcohol concentration, and at lowered pH and temper- 
ature. Blom, Bak, and Brae (7) employed adsorption on starch granules 
as one means of detecting the presence of more than one amylase in a given 
source. Thus the relationships between reducing value, viscosity, and 
dextrinizing changes were not changed by partial adsorption of the amylases 
from pancreas, bacteria, and molds, whereas these relationships changed 
when malt amylase was used. Tokuoka (8) was enabled to purify mold 
a-amylase by adsorption on steamed rice in the presence of alcohol during a 
Koji fermentation. The amylase of Clostridium butylicum was purified 
by Hockenhull and Herbert (9) by adsorption on potato starch in the 
presence of alcohol. More recently Schwimmer and Balls (10) found 
that adsorption of partially purified malt a-amylase on a column of wheat 
starch at 5° in the presence of 40 per cent ethanol was an essential step in 
the isolation and crystallization of the enzyme. This adsorption was 
found to be a highly selective process, evidently almost completely specific 
for the a-enzyme protein present in the partially purified preparations. 
The enzyme could be eluted from the starch by means of water (containing 
calcium) at room temperature. 

Our use of wheat starch for the adsorption of malt e-amylase was, how- 
ever, an accidental choice; it was the first starch tried. Therefore the 
probability was good that other starches would prove significantly better 


* Enzyme Research Division Contribution No. 122. 
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or worse for this adsorption, and that fractions of starch, such as amyloge 
and amylopectin, would also differ in efficiency. The following experi. 
ments showed that starches do vary and led us to a number of general 
conelusions that are summarized later. 


Materials and Methods 


Malt a-amylase was determined as described by Schwimmer (11), 4 
stock solution of partially purified enzyme was made from a concentrated 
malt extract.' The extract was heated to 70° for 15 minutes and filtered: 
250 gm. per liter of ammonium sulfate were added to the filtrate and the 
precipitate obtained was then dissolved in 200 ml. of saturated calcium 
sulfate solution. After dialysis at 5° for several days against successive 
changes of saturated calcium sulfate water and finally against 0.5 per cent 
calcium chloride solution, the enzyme preparation was filtered and used 
for adsorption studies. Such stock enzyme solutions contained 200 to 249 
units of a-amylase per ml. and had a specific activity of 84 units per mg. 
of protein nitrogen (compared with 390 for the crystalline enzyme). 0.005 
ml. of the stock enzyme, when added to 15 ml. of 1.33 per cent soluble 
starch at 30°, pH 4.75, would hydrolyze 6.64 per cent of the total glycosidic 
bonds in 10 minutes. 

The starch granules, modified starches, and starch fractions used as 
adsorbents will be described under the appropriate sections.’ 

Adsorption was carried out at 0° in the presence of 40 per cent alcohol 
and 0.5 per cent calcium chloride. To 3 ml. of the stock enzyme solution, 
7 ml. of 0.5 per cent calcium chloride were added and then 10 ml. of 80 per 
cent ethanol containing 0.5 per cent calcium chloride. An appropriate 
amount of solid adsorbent (determined by a preliminary run) was added 
to the alcoholic solution and stirred with a magnetic stirrer. For analysis 
2 ml. aliquots of the suspension were pipetted into a cold centrifuge tube 
and centrifuged at 0° for 3 minutes at 3200 revolutions per minute, cor- 
responding to a mean centrifugal field of about 1100 times gravity. The 
time of adsorption was taken as the interval between the addition of 
adsorbent and the beginning of centrifuging. After centrifuging, the 
supernatant liquid was assayed for a-amylase and compared with a valid 
control containing no starch. No substantial change was observed in 
such controls during the time required for the operations. The percentage 
of enzyme adsorbed was calculated from assays of the supernatant liquid. 

‘The generous gift of malt extract from Dr. A. Frieden of the Pabst Brewing 
Company, Milwaukee, Wisconsin, is acknowledged with thanks. 

* We wish to thank the following for generous gifts of these samples: C. LP. Rist, 
Northern Regional Research Laboratory, T. J. Schoch, Corn Products Refining 
Company, and R. M. McCready, Western Regional Research Laboratory. 
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The results are expressed in terms of the amount of adsorbent which would 
give 50 per cent adsorption in 2 minutes (unless otherwise stated) under 
the specified conditions. This short interval was selected because it was 
long enough for most of the adsorption to take place, yet short enough to 
minimize possible penetration or slight digestion of the adsorbent by the 
enzyme. The efficiency of the adsorbent is given as the weight of adsor- 
bent required for 50 per cent adsorption, compared with the weight of raw 
wheat starch required to do the same thing. (Under the conditions out- 
lined, 5.1 gm. of our raw wheat starch adsorbed half the enzyme; therefore, 
the efficiency of another adsorbent is expressed as 5.1 divided by the weight 
of the other adsorbent required to adsorb half the amylase.) As is shown 


TABLE I 
Effect of Purity on Adsorption of a-Amylase by Freshly Precipitated Starch 
Suspensions 
~~ soluble activity of 
Specific sorption systems* | 
a activity : Reece. at 9 oe _| Per cent 
Treatment aU. weer enzyme 
: | Before After | adsorbed 
PN adsorption | adsorption | 
{a u.) {a u.} 
Ba ——_——-|— | 
Malt extract heated, filtered, precipitated | 15 531 187 64.7 
by saturation with ammonium sulfate,| 
dialyzed 
Stock enzyme 80 558 195 | 65.0 
Dialyzed solution of crystalline a-amylase | 390 607 215 64.6 





* Weight of starch present = 120 mg. 


in Table I, the degree of purity of the enzyme did not materially affect its 
adsorbability by the foregoing technique. 


RESULTS AND DISCUSSION 


Adsorption Efficiencies of Raw Starch Granules—The varieties of raw 
starch granules used in the adsorption experiments are listed in Table IT 
according to average diameter obtained by microscopic observation similar 
to that of Wolf et al. (12), except that the sample under observation con- 
sisted of fewer granules. The listing of the adsorption efficiencies of these 
starches for a-amylase shows a definite correlation between diameter (and 
therefore specific surface area) and efficiency of adsorption. 

Four exceptions to this statement appear in Table II: the starches from 
Waxy maize, wrinkled pea, wheat, and the “amylodextrin” fraction of 
wheat flour. Although the average diameter of the granules of wheat 
starch is greater than that, for instance, of corn, it must be remembered 
that the wheat starch granule is disk-shaped and would have a greater 
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specific surface than a spheroid granule of the same diameter. Furthe,. 
more the high proportion in wheat starch of the amylodextrin fraction 
10 to 15 per cent (13), would again tend to increase the specific surface 
area. The higher efficiency of the amylodextrin fraction may be explained 
by the substantial amount of broken kernels therein. Therefore, the only 
real discrepancies are in the waxy maize, which contains no amylose ( M4) 
and wrinkled pea starch, which contains about 3 times as much amylog 
as is usually found in starches (15). At least part of this increase in gd. 
sorption efficiency may be due to the compound nature of the granule 


TABLE II 
Adsorption Efficiencies of Starch Granules As Adsorbents for a-Amylase 








Granule size 4, : 
Source of starch granules a 2 Adsorption 





Ra nge Average aca 
r uu 

Na i «ncaa ain 8.40 es dah 35-150 85 0.2 
EE Sonieieetecwenlbickies yet A 2 15-100 65 0.3 
| RE aber ae Pe ih 20- 80 50 0.3 
IIE gills o's e's shal 200-4 0.0 ve os 15- 40 30 0.6 

- 25 5 
ee wah : 1.0 
SI aie a RR en Ae ed 15- 35 25 8.0 
EE Sos re os a cada bese kas obs 0d peaks 5- 25 15 0.8 
SE RUET S inlet ache eines is eos 0 vic A hws h eae 5- 35 15 0.8 
ete Wate cihccol ete naeseFacace. Piste | 10- 30 15 0.7 
EET se a ee 5- 25 15 2.5 
ERS wel eT 0.7 
Te gee cc tek ence bo ath w w Bain « Was Ta en 5- 15 10 0.9 
Amylodextrin granules from wheat................) 2- 10 5 2.1 
ee, Coote, Tee ee CEO EE TORT ETT TY tenet 3- 8 5 1.5 
ee Soars peeme v re l- 6 3 1.6 


* Represents the size of the ‘‘amylodextrin’”’ fraction, which was about 10 per 
cent of the total. 


“composed of several simple wedge-shape granules which are the fragments 
formed by cleavage’”’ (15). 

Hence we may conclude that for starches of the usual amylose content, 
consisting of simple granules, the efficiency of adsorption depends on the 
surface area of the granule. 

Adsorption Efficiency of Treated Starches—It is evident from Table Ill 
that adsorption efficiency can be increased by various treatments of the 
starch granule, apparently when this treatment results in increased sur 
face area. Thus a sample finely ground in a ball mill showed a large ex 
tent of granule disintegration. On the other hand, relatively mild treat 
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ment, which did not greatly change the granule structure (light ball milling, 
solvent extraction, acid treatment), also increased the efficiency of ad- 
sorption but to no marked extent. It is not surprising, therefore, if one 
assumes that the adsorption efficiency is primarily a function of surface, 
that the most efficient adsorbent turned out to be Lintner starch freshly 


TaB_e III 
Adsorption Efficiency of Modified or Treated Starch Granules 


Starch Treatment Adsorption 











efficiency 
Wheat None 1.0 
_ Coarsely ground in ball mill* 4.4 
“ Finely ‘ Ya” werd 10.6 
Corn None 0.8 
" Defatted 1.1 
Potato None 0.3 
" Acid (Lintner, soluble) 0.5 
, Precipitated from solution by alcohol 69.0 








*2 kilos ground for 7 days at 5 revolutions per minute. 
+1 kilo ground for 7 days at 13 revolutions per minute. 


TABLE IV 
Adsorption Efficiency of Various Starch Fractions 




















Source | yoy 
Amylose | Corn | 40 
. Wheat 49 
7 Potato 11 
. Wrinkled pea | 27 
Amylopectin Corn | 12 
r Wheat 16 

ri Potato | 2.8 
8-Limit dextrin Corn amylopectin 17 
Glycogen As solid 76 

“ 


Freshly precipitated 376 


precipitated by alcohol, to which enzyme was added to give the standard 
adsorption mixture. 

Adsorption Efficiencies of Starch Fractions—In view of the importance of 
particle size as just demonstrated, the meaning of results with starch 
fractions must be somewhat elastic, because it was not possible to sub- 
divide them all equally well. However, all such material was first shaken 
(not forced) through a No. 270 sieve (screen opening 0.02 mm. sq.). 
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As is seen in Table IV, the amyloses tried were better adsorbents than the 
amylopectins. However, the high efficiencies observed for the amylopee. 
tin fractions are, in a sense, surprising, inasmuch as the addition of these 
fractions to the alcoholic enzyme solution resulted in a dispersion eon. 
sisting of relatively coarse rubber-like particles, indicating that the total 
surface area was much less than that of the amylose-ethanol suspensions, 
Although 8-limit dextrin also gave similar coarse suspensions, it adsorbed 
better than did amylopectin, presumably owing to the lack of linear mal. 
tosidic chains at the periphery of the amylopectin moiety. 

One might conclude from these observations that, if amylopectin could 
be dispersed as finely as amylose, it would adsorb much better, and the 
astonishing adsorptive capacity of freshly precipitated glycogen bears 
this conclusion out. Glycogen, whose molecule also consists of a highly 
ramified glucosido polymeric structure, and gives a fine granular-like 
suspension in 40 per cent alcohol, showed an extremely high efficiency, ag 
shown in Table IV. Furthermore (Table II) the waxy maize granule js 
about 3 times as efficient as the corn-starch granule, which it resembles 
closely in gross structure and size. Inspection of the data in Table IV 
shows that wheat and corn amyloses are much better adsorbers than js 
potato amylose. The relative order of efficiency parallels rather closely 
the order of the rate and extent of degradation from dispersions of these 
fractions as described by Whistler and Johnson (16). They explain these 
differences as being due to the difference in the average chain length (as 
determined by viscosity), potato amylose having the greatest length. Fur- 
thermore, Schwimmer in a study of the kinetics of hydrolysis of these 
amyloses by crystalline malt a-amylase (to be reported in a subsequent 
paper) has demonstrated that the maximum velocity attainable by a 
given enzyme concentration and the affinity between enzyme and substrate 
follows the order: potato amylose > corn amylose > wheat amylose (¢z,, 
in the same order as the chain length of these fractions). 

These results suggest that the a-amylase is adsorbed most efficiently on 
substrates which consist of smaller glycosidic chains. The lower limit of 
chain length for the amylose, according to this hypothesis, would be that 
at which the dextrins become soluble in 40 per cent alcohol. For branched 
chain polymers, this limit is much lower, since the small dextrins are, in 
effect, linked into the large polymer by a-1,6-glucosido linkages. Thus 
glycogen with an average chain length (between two successive branching 
points) of perhaps 8 to 12 glucosidie residues is a better adsorber than 
8-limit dextrin, with an average chain length of about 20 to 25 residues. 

The idea that small chains are better adsorbents is in accord with the 
results obtained with freshly precipitated fractions of partly digested 
starch. Table V shows the adsorption obtained when soluble (Lintner) 
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starch was digested with a negligible quantity of enzymes and precipitated 
with alcohol. Enzyme solution in the amount required to bring the al- 
cohol concentration to 40 per cent, as in the usual procedure, was then 
added after precipitation had taken place. As can be seen from Table V, 
the actual percentage of amylase adsorbed increased with increasing diges- 
tion until 2.5 per cent of the maximum possible hydrolysis was reached. 
Thereafter it decreased. However, the actual amount of adsorbent was 
decreasing continuously during the first part of the digestion, as a result of 
increasing solubility of the split-products in dilute alcohol. Thus the 
yalues given in Table V do not reflect the high efficiencies probable for 


TABLE V 
Partially Hydrolyzed Starch As Adsorbent for a-Amylase 


Per cent glycosidic bonds 


Time of hydrolysis hydrolyzed 


Per cent adsorption 


min. 
0 0.0 53.3 
1 lié 58.7 
2 2.5 67.9 
4 4.4 53.3 
6 5.9 51.0 


The reaction mixture consisted of 2 units of enzyme acting on 400 mg. of soluble 
starch in a volume of 30 ml. of starch at 30°, pH 4.7. These are the usual conditions 
of assay, and the enzyme present is negligible compared with that added later and 
present in the adsorptionexperiment. At the indicated times, 10 ml. of 80 per cent 
ethanol were added to 6 ml. of the digestion mixture (equivalent to 80 mg. of starch). 
The suspension was cooled and 4ml. of enzyme (592 units) to be adsorbed were added, 
making the total volume 20 ml. and the alcohol concentration 40 per cent, as in the 
standard adsorption procedure. The per cent of glycosidic bonds hydrolyzed was 
estimated from the color value of the digest after the addition of iodine, as previously 
described (10). 








the partially digested starch. This is very striking at 5.9 per cent diges- 
tion, at which only a very light turbidity was obtained in 40 per cent 
ethanol; yet the degree of enzyme adsorption was only slightly lower than 
that of the untreated control. As will appear later, some part of this 
increased efficiency may be due to the effect of the soluble dextrins formed, 
but their effect was pronounced only in greater concentrations than could 
occur here. 

The assumption that, per unit surface, those adsorbents with,shorter 
chain lengths are more efficient implies the rather reasonable hypothesis 
that only a limited number of enzyme molecules can combine with one 
maltosidic chain, apparently regardless of its length. 

Effect of Time and Fineness on Adsorption—When the starch used as 
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adsorbent is finely enough divided, most of the adsorption takes Place 
within 2 minutes. It then rather slowly approaches a maximum withip 
30 minutes, but if carried out long enough, the extent of adsorption de. 
creases (Fig. 1). If, however, coarse particles are used, the adsorption 
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Fria. 1. Adsorption of malt a-amylase on various starches as a function of time 


TABLE VI 


Effect of Particle Size on Rate of Adsorption 


Per cent adsorption in 





Starch derivative Weight — sae 
2 30 60 
min. min. min. 
gm. 
Amylose, through sieve No. 270 0.25 71 88 87 
“ 4 wags 0.25 1] 67 | 7% 
“ “ “ “ 20. i 0.25 | 1 1 93 35 
Amylopectin, through sieve No. 270... | A le 61 
a“ — 
anh 1.00 35 77 


not through sieve No. 140....... 





rises slowly (Table VI). In Table VI, the adsorption of two different 
samples of amylose which were recrystallized, dried, and passed through 
relatively coarse sieves showed a slow but increasing adsorption with time. 
One recrystallized amylose sample consisted of particles which passed 
through a No. 20 sieve, another sample passed through a No. 60 sieve, 
and a third sample through a No. 270 sieve. The “coarse” amylopectil 
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of enzyme adsorbed was actually greater than the maximum amoupj 
adsorbed on the fine particles. This suggests that, given time enough, 
some penetration of the adsorbent by the enzyme occurs. 

Effect of Adsorbent Concentration—The effect of low concentrations gf 
amylose on the amount of enzyme adsorbed at various times is shown jp 
Fig. 2. Comparison of this adsorption with that of amylopectin, whegt 
starch granules, and wrinkled pea starch granules at higher concentrations 
is shown in Fig. 3. It can be seen from these data that both amylose and 
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Fic. 4. Adsorption isotherm for various starches. The Freundlich equation is 
used in the form M/A = K(100 — A) ; where M = the weight of adsorbent in mg, 
A is the percentage of enzyme adsorbed, and (100 — A) is the amount remaining 


in the supernatant liquid. Hence log M/A = N log (100 — A) + logK. 





amylopectin are consistently better adsorbents than wheat starch over 4 
wide range of concentration, while wrinkled pea starch is a good adsorber 
only at high concentrations. The strange behavior of wrinkled pea starch 
is illustrated in another way by comparing adsorption isotherms for this 
starch with that of wheat starch granules and that of corn amylose (Fig. 
4). The slopes of the curves for these isotherms are all about the same, 
but the curve for pea starch exhibits a break at a concentration of about! 
gm. As is to be expected, the intercepts on the ordinate of the extra 
polated curves show lower values for the better adsorbents. 

Effect of Digestion Products on Adsorption by Freshly Precipitated Starch- 
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Table VII shows that the end-products of starch digestion exert a rather 
significant influence on the adsorption. Whereas, maltose and especially 
limit dextrin inhibit, a-dextrin actually enhances the adsorption consider- 
ably. These results can be interpreted in the light of the inhibitory effect 
of these substances on the hydrolysis of soluble starch by crystalline a- 
amylase. Such considerations led to a study of the kinetics of the inhibi- 
tio, Wherein it has been found that, while a-dextrin inhibits amylolysis 
by malt a-amylase competitively, maltose inhibits non-competitively. 
These and similar results will be reported in a subsequent paper. 

Since maltose inhibits a-amylase activity by a non-competitive mecha- 
nism and since maltose, but not a-dextrin, inhibits amylase adsorption, we 


TasLe VII 
Influence of Starch Digestion Products on Adsorption 


Per cent adsorption 





Reaction product per 
20 mi. 


Maltose Limit dextrin oa-Dextrin 
"t mg. 
0 25.1 25.1 25.1 
10 22.3 11.4 25.5 
50 9.0 4.0 26.6 
250 8.1 0.9 37.6 


The adsorption system contained 545 a-amylase units and 40 mg. of freshly pre- 
cipitated starch in a total of 20 ml. of 40 per cent ethanol. Limit dextrin is the 
non-fermentable material obtained from the exhaustive hydrolysis of starch by 
malt extract, as described by Kneen and Spoerl (17). a-Dextrin was obtained 
from an a-amylase starch digest by stopping the reaction with HCl at 10 per cent 
splitting of total glycosidic bonds (just enough to give very little color with iodine). 
After it was neutralized and precipitated with 4 volumes of ethanol, the product 
was dried in vacuo and used as a-limit dextrin. 


may conclude that the site for adsorption of the enzyme on the starch is 
not the same as the site of union of enzyme with substrate to form a hydro- 
lyzable complex. The enhancement of adsorption by a-dextrin can then 
be interpreted as follows: The enzyme, after combining at one “active 
center” with the dextrin, is still free to be adsorbed on the starch through a 
second ‘active center.”” The adsorbed dextrin will then present a new 
surface for further adsorption. This adsorption will then be more efficient 
ff our first assumption is correct; i.e., that dextrins with shorter chain 
lengths are better adsorbents. 


SUMMARY 


1, The adsorption of malt a-amylase in 40 per cent ethanol at 0° on 
ganules, modifications, and fractions of starch has been studied. 
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2. The efficiency of adsorption is inversely proportional to the granule 
size, or, more precisely, to the surface area of the granules. 

3. Various kinds of treatment of the granule increase this efficiency 
somewhat. The most effective adsorbents are starches freshly precipi. 
tated from solution with alcohol. 

4. The adsorption obeys, within limits, the Freundlich adsorption jgo. 
therm. 

5. Starch fractions (t.e., amylopectin, dextrins, amylose, glycogen) ¢. 
hibit a different higher order of magnitude of adsorption than do the 
granules. The exact degree of efficiency depends upon the structure, the 
source, and fineness of subdivision of the substance used. 

6. The degree of adsorption is independent of the state of purity of the 
enzyme. 

7. Maltose and limit dextrin decrease, whereas a-dextrin increases the 
extent of adsorption. 

8. It is concluded from the data obtained that the determining factor 
in this adsorption is the total number of insoluble maltosidic chains avail. 
able to the enzyme in solution. This number in turn depends directly 
upon the surface area of the adsorbent and inversely upon the solubility 
and chain length, but not necessarily on molecular size. 
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THE EFFECT OF 2,4-DINITROPHENOL ON HEXOKINASE AND 
GLYCOGENOLYSIS* 


By F. T. PIERCE{ anp JOHN FIELD 


(From the Department of Physiology, Stanford University School of Medicine, Stanford 
University, California) 


(Received for publication, April 26, 1949) 


The augmentation of cell respiration caused by low concentrations of 
2,4-dinitrophenol (DNP) and related substituted phenols is well known 
(cf. Peiss and Field (1) for review). At higher concentrations, this sub- 
stance acts as an inhibitor, and it has been suggested that the augmenta- 
tion of respiration at low concentrations is an anomalous aspect of inhibi- 
tion. Peiss and Field (1) have shown that the absolute rate of respiration 
of rat brain homogenates operating at possible maximum activity is 
approximately equal to the respiration of tissue slices with the maximum 
stimulatory concentration of DNP. Since homogenates are thought to 
operate free of normal cell brakes or inhibitors (the brake being removed by 
dilution or destroyed when the integrity of the cell is disrupted (2)), it 
has been postulated that DNP operates by inhibiting this natural brake. 
This would permit the tissue slice to oxidize glucose at its maximum capac- 
ity when in contact with DNP. 

It has been shown that insulin increases glucose utilization and glycogen 
formation in isolated diaphragm (8-8). The enzyme hexokinase which 
catalyzes the reaction, glucose + adenosine triphosphate — glucose-6- 
phosphate + adenosine diphosphate, must therefore be influenced by this 
hormone, either directly or indirectly (8, 9-17). Since the hexokinase 
reaction is irreversible, measurements of glucose uptake should be a meas- 
ure of the activity of this enzyme (13). If DNP were found to accelerate 
the hexokinase reaction (insulin-like effect), this would contribute to the 
clarification of its position as an accelerator of tissue respiration. 

Consequently measurements of glucose uptake and glycogen balance 
in rat diaphragm in the presence and absence of maximum stimulatory 
concentrations of DNP were undertaken. The results are reported in 
this paper. 

Methods 

The diaphragms from fifteen adult albino rats of the Slonaker-Wistar 
strain were used in this study. The stock diet of these rats was Purina 

* Supported in part by a grant from the Fluid Research Fund of Stanford Uni- 


versity School of Medicine. 


7 Postdoctorate Research Fellow of the National Institutes of Health, United 
States Public Health Service. 
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fox checkers given ad libitum, and they were not fasted prior to use. 
Both sexes were used in about equal numbers, and no significant differ. 
ence was noted between them. The average body weight was 200 gm. 
No animals weighing over 240 gm. were used, since the diaphragms were 
so thick as to impair oxygen diffusion. Smaller rats were not used be- 
cause the diaphragms did not supply enough material for carbohydrate 
balance measurements. 

The rats were decapitated, and each hemidiaphragm removed, as 
described by Krahl and Cori (13). The pieces of diaphragm were trans- 
ferred to a Petri dish set in cracked ice. This was kept humid by a piece 
of filter paper moistened with Ringer’s solution stuck on the under sur- 
face of the lid. Pieces of muscle were then weighed on the micro torsion 
balance and put at once into chilled respirometer vessels which contained 
the necessary solutions. By this method, the tissue was kept in a cold 
and moist environment until oxygenated, and anaerobic metabolism was 
minimized (18). The average weight of tissue was 60 mg., and 60 mg. 
or more of each diaphragm were used to determine the initial glycogen 
content. 

The suspension medium was Krebs’ Ringer-phosphate (19-22) and glu- 
cose with or without DNP to make a total volume of 1 ml. The glucose 
concentration used was 100 mg. per cent. Although glucose utilization 
is higher at higher concentrations (800 to 500 mg. per cent) (5), the lower 
level was chosen as that corresponding more nearly to the normal blood 
sugar level. The pH of the medium was 7.15 to 7.20 in all experiments. 

DNP was added to Krebs’ Ringer-phosphate and glucose to give a final 
concentration of 4.76 X 10-* m, and 1 ml. of this solution was put into al- 
ternate vessels. In this manner approximately equal numbers of pieces 
of diaphragm of each rat were incubated with and without DNP. Pre- 
vious experiments had shown that this concentration of DNP produced 
maximum augmentation of oxygen uptake in diaphragm. 

The center wells of the vessels were filled with 0.1 ml. of 5 per cent KOH 
to absorb the respiratory CO:, and the gas phase was 100 per cent oxygen. 
The respirometer vessels were loaded with tissue and placed on the War- 
burg manometers. They were then oxygenated at room temperature for 3 
minutes and placed in a constant temperature bath at 37.5 + 0.01°. Here 
they were shaken for 2 hours at 106 cycles per minute. 

At the end of this time, the pieces of diaphragm were rapidly removed 
from the flasks and placed in 30 per cent KOH for determination of glyco- 
gen by the method of Good, Kramer, and Somogyi (23), as modified by 
subsequent workers (24, 25). 0.2 ml. of the residual medium was pipetted 
into zine sulfate for protein precipitation by the method of Somogyi (26). 
All glucose determinations were made in duplicate. 
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The protein-free filtrates were then analyzed for glucose by the method 
of Folin and Wu (27, 28), with use of the Coleman universal spectrophotom- 
eter with a 540 mau filter. Samples of the original medium both with and 
without DNP were analyzed concurrently, and the glucose utilization was 
then determined by difference. In the case of the final glucose analysis 


TABLE I 


Effect of 4.76 X 10-* m DNP on Glucose Uptake and Glycogenesis by Diaphragms of 
Normal Rats 


Each line gives the measurements on one rat. The glucose concentration is 100 
mg. percent. Vessels at 37.5°, and incubated 2 hours. Values expressed as mg. per 
100 mg. of wet weight of diaphragm per 2 hours. Each figure is the mean of two to 
three measurements, and the standard deviation is calculated from the values of the 
individual measurements rather than the means reported here. 


Without DNP | With DNP 


i sd | Initial 
Rat No. sex Se a Clegg me: nee te 5 Fi? * 3 | glycogen 
| | Glucose used |Final glycogen Glucose used (Final glycogen 
1 F. | 0.257 | 0.0288 , 0.208 
2 “ 0.270 0.0258 0.185 
3 a 0.376 | 0.222 | 0.303 0.0320 | 0.203 
4 M. 0.371 | 0.264 | 0.273 0.0240 | 0.116 
5 as 0.278 | 0.194 0.283 0.0234 | 0.054 
6 F. 0.230 , 0.138 0.266 0.0182 | 0.075 
7 M. 0.265 0.246 0.241 0.0200 0.085 
8 F. 0.268 | 0.252 0.185 0.0481 0.505 
9 M. 0.380 0.246 0.333 0.254 
10 a6 0.424 0.178 0.376 0.102 
ll a 0.388 0.391 0.412 0.0660 0.299 
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bo 
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0.0162 | 0.073 
0.0139 | 0.069 
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0.319 0.369 
15 “4 4 0.500 0.453 
Mean..... | 0.345 0.230 | 0.318 0.0282 0.171 
ei 5.4.. - |; +&0.089 , +0.076 +0.091 | +0.0154 


! 





Test for significance of glycogenolysis with DNP (pair comparison), t = 3.95, 
P = 0.0002. 


following glycogen hydrolysis, the amounts of glucose were often so small 
that the modification of Kramer and Gittleman (29) was used. 


Results 


Glucose consumption is expressed in terms of mg. of glucose consumed 
per 100 mg. of wet weight of diaphragm for a 2 hour interval. On this 
basis it was found that the mean glucose consumption by diaphragm was 
0.318 in the presence of 4.76 X 10-°m DNP and 0.345 in controls without 
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DNP. The corresponding standard deviations were 0.091 and 0.089 re. 
spectively. These results of each run, together with data on initial and 
final glycogen content and certain statistics, are shown in Table I. 

The error in any one determination of glucose concentration was con. 
siderable because variation of 1 division on the spectrophotometer scale 
changed the measurement by 0.04 or 0.05 mg. or about 14 per cent of the 
final reading. Accordingly the data were subjected to an analysis of vari. 
ance, by the methods described by Snedecor (30). The variance due to 
treatment with DNP, to interanimal difference, intraanimal difference, 
and interaction was evaluated. 

It was found that the difference due to treatment with DNP was not 
significant. There was no significant intraanimal difference. Thus it ap. 
pears that neither treatment with 4.76 X 10-°m DNP nor cutting the dig- 
phragm into pieces of different size introduced serious error (cf. also Krahl 
and Cori (13)). However, the interanimal difference gave an F' value 
(Snedecor’s variance ratio) of 5.667 or a probability of 0.1 per cent. 

Our values for glucose utilization by excised rat diaphragm (see Table 
I) are of the same order as those in the literature (8, 13, 14). 

In this series, it was found that a small glycogenesis usually occurred 
during incubation, the means of the control and postincubation values 
being 0.171 and 0.230 mg. of glycogen per 100 mg. of wet weight per 2 
hours (Table I). When incubated with DNP, however, glycogen was al- 
most completely broken down. Since the limits of accuracy of the method 
of analysis for glucose after glycogen hydrolysis were approximately 0.009 
to 0.010 mg., all values below this were deleted from the data. This 
accounted for almost 20 per cent of the results; however, ignoring these 
values can only minimize the difference, which is nevertheless sufficiently 
manifest. 

Glycogen is expressed as mg. per 100 mg. of wet weight per 2 hours in- 
cubation. The mean of the values for glycogen content after incubation 
without DNP is 0.230 + 0.076, and for that with DNP is 0.0282 + 0.0154 
(the second figure in each case is the standard deviation). From the data 
a t value of 3.95 was obtained and a probability of 0.0002. Hence treat- 
ment with DNP resulted in increased glycogen breakdown. 

The values in the literature for glycogen before and after incubation are 
in accord with these figures (3, 8). 

Thus it is evident from inspection of Table I that DNP exerts little in- 
fluence on glucose utilization in the normal rat diaphragm, but does 
markedly accelerate glycogenolysis in this tissue. 


DISCUSSION 


Statistical analysis of our data has shown that 4.76 X 10-° m DNP does 
not modify the rate of glucose utilization by isolated rat diaphragm. In 
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this concentration DNP does not appear to affect hexokinase activity. 
Accordingly the augmentation of oxygen consumption of rat diaphragm 
produced by this concentration of DNP does not involve altered consump- 
tion of glucose supplied by the external medium. 

Increased glycogen breakdown in the presence of low concentrations 
of nitrated phenols has been shown by several investigators (31-36). This 
observation can now be extended to rat diaphragm in which the concen- 
tration of DNP evoking maximum augmentation of oxygen consumption 
also produced marked glycogenolysis. 

The values for glycogenolysis may be compared with the theoretical 
amount expected to account for the increment of oxygen uptake produced 
by DNP. It was found that the average amount of glycogen broken down 
by incubation with DNP was 0.157 mg. per 100 mg. of wet weight per 2 
hours, expressed as glucose. The average increment of O, uptake caused by 
the concentration of DNP used was 0.90 ul. of O. per mg. of wet weight per 
hour. Assuming the reaction, CsH.O. + 60. — 6H.O + 6COk, goes to 
completion, this amount of O2 would burn 0.243 mg. of glucose per 100 mg. 
of wet weight per 2 hours. It can be seen qualitatively that this figure 
and the figure for the amount of glycogen broken down are of the same 
order of magnitude. Since balance sheet studies were not done to com- 
pare oxygen consumption and glycogenolysis, no further refinement can 
be obtained from this data. 


SUMMARY 


1. Glucose uptake of rat diaphragm in Kreb’s Ringer-phosphate solu- 
tion was unaffected by 4.76 X 10-°m DNP, which evoked maximum aug- 
mentation of oxygen uptake. Therefore, it may be said that the activity 
of hexokinase under the conditions of these experiments is not affected by 
this concentration of DNP and no analogy can be made with insulin as to 
the effect on this enzyme. 

2. Glycogen breakdown in rat diaphragm is greatly accelerated, and 
almost all glycogen disappears when incubated with 4.76 X 10° m DNP. 
This is in contrast to the moderate synthesis of glycogen occurring in con- 
trol experiments. The increase in oxygen can be approximately accounted 
for by the increased glycogen breakdown occurring with DNP. 


The authors wish to thank Dr. F. W. Weymouth for his generous assist- 
ance and encouragement in the statistical analyses. 
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COMPARISON OF METHODS FOR MEASUREMENT OF AVIAN 
HEMOGLOBIN 


By H. H. ROSTORFER 
(From the Department of Physiology, Indiana University, Bloomington) 


(Received for publication, May 12, 1949) 


Discrepancies between the iron content, acid and alkaline hematin, and 
oxyhemoglobin, as determined by the manometric apparatus according to 
the method of Van Slyke and Neill (1), have been reported for avian blood 
by various investigators. Klein et al. (2) reported that values obtained 
by spectrographic analysis were less variable than the results of the Van 
Slyke analysis. However, the equilibrated samples were allowed to stand 
for some convenient time before analysis. This may have been a source 
of error, since avian red blood cells utilize considerable oxygen. Schultze 
and Elvehjem (3) developed a modified Newcomer method for acid hema- 
tin determination for avian blood. They compared the acid hematin 
readings expressed as gm. of hemoglobin with total iron values obtained 
by direct analysis of the bloods of the same individuals; and the average 
difference between the calculated oxyhemoglobin iron and the iron found 
analytically was 12.7 per cent extra iron. Even so, they believed the acid 
hematin method to be reliable. The extra amount of iron was believed to 
be non-hemoglobin iron, since a considerable amount, 5.4 per cent, of non- 
hemoglobin iron had been reported to be present in chicken blood by Wine- 


_ garden and Borsook (4). 


Bankowski (5) compared several photometric methods for acid and al- 
kaline hematin prepared from chicken blood and believed the acid hema- 
tin method, compared photometrically with a standard prepared from 
crystalline acid hematin, to be the most accurate. The lowest values were 
found with the Dare hemoglobinometer, with an average of 7.72 gm. per 
100 ml. of blood. The highest values, 12.13 gm. per 100 ml. of blood, were 
obtained on the same individuals by the use of alkaline hematin, read 
photometrically. 

Rostorfer and Rigdon (6, 7) attempted to establish a linear relationship 
for avian blood between the log J»/J for acid hematin, prepared according 
to the method of Schultze and Elvehjem and read at 450 my on the Cole- 
man spectrophotometer, and oxyhemoglobin from the Van Slyke analysis. 
It was found that blood from mature ducks formed a linear relationship 
that diverged from a similar expression for blood obtained from young 
ducks 3 to 15 days old. These authors investigated the Van Slyke mano- 
metric method for measurement of avian blood and found the variation be- 
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tween duplicate samples to be quite small in comparison to the variation 
between duplicate samples of acid hematin. Furthermore, oxygen utiliza. 
tion by the red cells as determined by the Warburg technique agreed with 
values found by determining the oxygen capacity of equilibrated cells 
confined to space for a given time and compared with the oxygen capacity 
of freshly equilibrated samples of the same blood. Also, oxygen dissocia. 
tion curves for duck blood were expressed by Hill’s formula 


Kz" 


y= 
: 100 + Kz” 


These discrepancies have been variously explained as being due to dif- 
ferences in percentages of iron in avian hemoglobin, the presence of non- 
hemoglobin iron, errors in the Van Slyke analysis possibly caused by in- 
complete hemolysis and trapping of gas in the gelatinous nucleoprotein in 
the extraction chamber, and by the possibility of error in the acid hematin 
determinations. 

Since the oxygen dissociation curve for avian blood is somewhat unique 
and, therefore, of interest, it occurred to the author that the whole problem 
should be reinvestigated to find the source of error or errors in these deter- 
minations. King et al. (8) have stated that the Van Slyke method is 
the most accurate of all methods for determination of hemoglobin in 
mammalian blood. In a recent study of the relationship of ‘‘total” and 
“active” hemoglobin, Van Slyke et al. (9) have demonstrated the presence 
of about only 1 per cent ‘‘inactive” hemoglobin in freshly drawn human 
blood. These authors state that hemoglobin values obtained by either 0; 
or CO capacity were near 100 per cent of the ‘total’? hemoglobin deter- 
mined by the use of reducing agents, when samples were allowed to stand 
an hour or more before being analyzed. If the Van Slyke manometric 
method proved to be valid for avian blood, the oxygen dissociation curve 
of avian blood might have to be considered to represent a difference in the 
behavior of avian hemoglobin in comparison to mammalian hemoglobin. 

The results given below were obtained by carrying out analyses for iron, 
acid and alkaline hematin, and oxyhemoglobin on blood samples obtained 
from normal young and adult ducks, and from anemic adults. The blood 
was variously diluted with 0.9 per cent saline or concentrated by removing 
plasma to obtain a range. 


Methods and Materials 


Ducklings and mature normal white Pekin ducks were used in the experi- 
ments described. All ducklings were fed Purina Startina for about 2 weeks 
and all ducks were fed Purina broiler chow mixed with some rabbit chow 
pellets. Ducks were made anemic by repeated withdrawal of blood by 
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heart puncture until a marked anemia was established, as shown by the 
jow red blood cell count and the presence of young erythrocytes and erythro- 
blasts in the peripheral circulation. 

Blood for analysis was always obtained by heart puncture. Coagula- 
tion was prevented by adding 5 ml. of 2 per cent citrate in saline to each 25 
ml. of blood. If the blood was withdrawn rapidly, there was usually no 
evidence of clotting. Samples were strained through cotton to remove any 
minute clots which might have formed. All blood samples were stored at 
5° until used and were removed for analysis within 3 hours after the heart 
puncture. 

Hemoglobin solutions were obtained by centrifuging 10 ml. of blood 
and then carefully pipetting off the supernatant plasma. This was care- 
fully measured and replaced by an exactly similar amount of distilled 
water, whereupon the sample was vigorously shaken and centrifuged for 
10 minutes at maximum speed. The nuclei were precipitated, leaving the 
hemoglobin volume relationship the same as in the original sample of blood. 
There was no evidence of incomplete laking of the cells. The hemoglobin 
solutions were clear and relatively free of nuclear material. 

Iron analyses were carried out according to the method described by 
Sumner and Somers (10), which is essentially the phenanthroline colori- 
metric method of Saywell and Cunningham (11). Samples were analyzed 
in quadruplicate by use of the Evelyn photometer and compared to 
a standard curve obtained by analyzing analytical iron wire. 

Acid hematin determinations were made according to the technique of 
Schultze and Elvehjem (3) for chicken blood, except that the Beckman 
quartz spectrophotometer was used instead of the modified Newcomer pro- 
cedure described by these authors. Since the object of these experiments 
was to investigate the correlation of the per cent of absorption of trans- 
mitted light by acid hematin with the amount of hemoglobin obtained by 
the Van Slyke analyses, the samples were not corrected for the volume 
change caused by the addition of 0.12 ml. of concentrated hydrochloric 
acid. The samples were read at 410 and 450 mu. Absorption curves for 
acid hematin prepared from duck blood were also obtained by use of the 
spectrophotometer. 

Alkaline hematin was prepared by laking 0.01 ml. of blood in 5.00 ml. 
of 0.1 N NaOH. This solution was allowed to stand for some convenient 
time and then heated in boiling water for 4 minutes, cooled, and the per 
cent absorption of the transmitted light read at 400 and at 450 my by use 
of the spectrophotometer. 

Oxyhemoglobin was determined by the Van Slyke manometric appara- 
tus. The procedure described by-Van Slyke and Neill (1) was followed. 
All samples were equilibrated in air in a 250 ml. tonometer with 5 ml. of 
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blood or hemoglobin solution present. The 1 ml. Van Slyke sample wag 
removed by gravity and placed in the apparatus within 1 minute afte 
equilibration ceased. Rostorfer and Rigdon (6) demonstrated no appre. 
ciable error in this technique by comparing duplicate samples equilibrated 
at 0° and at 39°. 


TABLE I 

Comparison of Iron Values Found by Calculation from Oxyhemoglobin and by 

Analysis in Blood Samples Obtained from Normal Young and Adult Ducks 
and from Anemic Ducks 

The values are measured in mg. per cent. 





Adult i Young Anemic 











aks bi Lp ine | | Analytic Fe | HbO:Fe | AnslyticFe | HbO:Fe | Analyticke 
30.39 | $1.12 98.45 28 50 29 30 29 .00 
31.14 | 30.87 19.72 20.00 26.54 27.00 
28.79 | 29.06 25.56 26.25 12.37 13.30 
18.28 | 18.25 | 19.51 19.75 19.67 19.53 
20.91 | 20.77 13.86 13.75 13.90 14.75 
33.49 84.00 27.53 28.00 
27.50 28.00 
24.54 25.50 28.90 28.57 
21.48 22.50 27.40 28.00 
29.92 31.75 26.18 26.25 
28 .99 | 29.75 23.80 23.75 
33.27 | 38.74 
20.55 | 21.40 
Average. .26.81 | 27.38 24.40 24.62 | 20.36 | 20.72 
Extra Fe, %....... 2. 0.9 1.8 
Results 


In Table | iron values obtained by direct analysis of various samples d 
blood are compared to the iron values calculated from oxyhemoglobin ob- 
tained by the Van Slyke manometric method. The hemoglobin iron was 
calculated by the use of the factor 0.340 per cent. Bernhart and Skeggs 
(12) redetermined the percentage of iron in crystalline human hemoglobin 
and reported it to be 0.340 per cent; therefore, this factor was used instead 


of the value 0.335 per cent in calculating the amount of hemoglobin iron. | 


The average amount of non-hemoglobin iron is about 1.6 per cent. _ If the 
factor 0.335 per cent is used instead of 0.340, the non-hemoglobin iron 
about 3 per cent. The difference in percentages of non-hemoglobin iro 
present in the young, adult, and anemic birds is not statistically significant. 
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The amount of extra iron reported here is comparable to that reported to 
be present in mammalian blood by Gibson and Harrison (13). The highest 
percentage of non-hemoglobin iron in Table I is 6.1 per cent and this is 
nearly 4 times the standard deviation for the adult group. It does not 
seem probable that there could be as much as 12 per cent or even 5 per cent 


Tase II 
Comparison of Iron in Blood and Hemoglobin Solution 
Iron calculated from oxyhemoglobin and iron found analytically with acid hema- 
tin (density at 410 and 450 my), the ratio (density at 410 my divided by density at 
450 mu), and alkaline hematin (density at 400 and 450 my) for samples of whole blood 
and of hemoglobin solution with nuclei removed prepared from whole blood samples. 


























Iron mg. per cent Acid Hb Alkaline Hb 
Sample No. ES Sees ee ee Ee aa 
| HbOs Fe [Analytic Fe 410 mu 450 my | Ratio 400 my 450 my 
Whole blood 

i 33.27 33.74 | 0.431 0.286 1.51 0.611 0.188 

2 28.99 | 29.75 0.408 0.250 1.63 0.539 = 0.167 

3 20.55 21.40 | 0.304 | 0.201 1.5] 0.394 , 0.120 

4 19.65 | 19.53 | 0.285 | 0.204 1.40 0.385 | 0.120 

5 19.54 | 19.75 | 0.245 0.178 1.37 | 0.362 | 0.115 

Average.... 24.40 | 24.83 0.334 0.224 1.48 0.458 | 0.142 
Extra Fe, %....... 1.7 

Hemoglobin solution 

32.97 | 33.74 | 0.488 | 0.300 1.62 | 0.642 | 0.195 

2 29.27 | 29.00 | 0.414 | 0.225 1.84 0.554 | 0.148 

3 21.38 | 22.50 | 0.297 | 0.183 | 1.62 0.416 | 0.112 

{ 19.72 | 19.50 | 0.292 0.193 | 1.51 0.368 | 0.110 

5 18.53 | 18.75 | 0.266 0.165 | 1.60 0.336 | 0.105 

Average............| 24.37 | 24.70 | 0.351 | 0.213 1.64 0.463 | 0.133 
Extra Fe, %...... 1.3 


more iron present than that found in combination with hemoglobin. Some 
small percentage of non-hemoglobin iron appears to be present and this 
percentage is comparable to that found for mammalian blood by the use of 
similar methods. 

The results of analysis of whole blood and hemoglobin solutions are re- 
corded in Table II. Samples 1, 2, and 3 were obtained from normal adult 
ducks, Sample 4 from an anemic adult, and Sample 5 from 7 day-old duck- 
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lings. ‘The hemoglobin solutions were prepared as described above and 
were relatively free of nucleoprotein. It will be noted that the average 
iron values for the whole blood samples and solutions, whether calculated 
from the oxyhemoglobin obtained by gasometric analysis or determined 
analytically, are not significantly different; 7.e., the same amounts of 
hemoglobin were present in the samples of whole blood and solutions. 

If there were errors in gasometric analysis caused by incomplete laking 
of the cells or by retention of gas in the gelatinous nucleoprotein in the ey. 
traction chamber, there should be a considerable difference between the 
values obtained for whole blood and solution as determined by the gaso- 
metric method, since there are no cells in the solution and no nucleoprotein 
to form a gel in the extraction chamber. However, the values for whole 
blood and solution agree. 

The densities (log Jo/Z) for acid hematin prepared from whole blood and 
from hemoglobin solution were determined at both 410 and 450 mu. The 
ratios (density at 410 my divided by density at 450 my) are significantly 
different for whole blood and solution. The average ratio for whole blood 
is 1.48 and for the hemoglobin solution 1.64. The average density at 410 
my is higher for the hemoglobin solution and the average density at 450 mp 
is higher for the whole blood. The absorption curve for whole blood is not 
as steep as that for the hemoglobin solution. The difference in slope of 
the absorption curves for alkaline hematin prepared from whole blood and 
from hemoglobin solution is not so apparent, although there is some in- 
crease in the slope of the curve for alkaline hematin prepared from the solu- 
tion of hemoglobin. The hemoglobin solution differs from whole blood 
mainly because of the greatly reduced nucleoprotein content. 

Iron calculated from oxyhemoglobin values determined by gasometric 
analysis and the iron values obtained by analysis of whole blood samples 
and hemoglobin solution are in close agreement; thus the variation between 
whole blood and solution appears to be in the density reading of acid and 
alkaline hematin. The lowest ratios (density at 410 my divided by den- 
sity at 450 mz) are shown for the whole blood of both the anemic adult and 
the duckling. 

The variation of density values for acid hematin solutions read at 450 
my is considerably greater than at 410 my. This is illustrated by Fig. |. 
The results of acid hematin determinations at 410 my for whole blood 
samples of normal young and adult ducks and anemic adults and hemo 
globin solutions from the same sources are plotted against mg. per cent of 
iron calculated from oxyhemoglobin determined by the Van Slyke mano- 
metric analysis. Line A was fitted to these data by the method of least 
squares. The slope of the line is 0.0133 and the line intercepts the y axis 
at 0.024 log unit; thus it fails to pass through the origin. Statistical 
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analyses were carried out on the assumption that the values (oxyhemoglo- 
bin iron) plotted on the x axis were determined without error. The stan- 
dard deviation from regression is equal to 0.5 mg. per cent of iron or approxi- 
mately 0.12 gm. of hemoglobin. The values for hemoglobin solution and 
anemic, immature, and adult blood samples do not vary significantly from 
those shown by Line A. There appears to be only one linear relationship 
between acid hematin values at 410 my and hemoglobin values determined 
gasometrically. 
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|RON-MG. PER CENT - CALCULATED FROM OXYHEMOGLOBIN 

Fig. 1. Linear relationships between acid hematin density and oxyhemoglobin 
iron calculated from values obtained by the Van Slyke analysis. Line A, regression 
when density values were read at 410 my; Line B, regression for blood obtained from 
young and anemic ducks when density readings were made at 450 my; Line C, regres- 
sion for blood from adult ducks and hemoglobin solution when density values were 
determined at 450 my. 


The relationships for acid hematin densities at 450 my are shown by 
Lines B and C. The results of all samples analyzed at 450 my and plotted 
on Lines B and C were also analyzed at 410 my and plotted on Line A; 
thus it is evident that the deviation represented by Lines B and C at 450 
my is not present at 410 my. Line B shows the regression for acid hematin 
and oxyhemoglobin prepared from young and anemic duck blood. It was 
fitted to the data by the method of least squares. The slope of Line B is 
0.00929 and the line intercepts the y axis at 0.019 log unit. The standard 
deviation from regression is 0.009 log unit or 0.2 mg. per cent of iron. 
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Line C was plotted by the method of least squares from the data 
obtained from adult ducks and hemoglobin solutions. Its slope is 0.00872 
and it intercepts the y axis at 0.004 log unit. The standard deviation from 
regression is 0.012 log unit or 1.25 mg. per cent of iron, which is equal to 
0.37 gm. of hemoglobin. 

When the two regressions are analyzed statistically for significance, the / 
value is 2.29 and the probability is about 0.01. These two relationships 
reflect the differences in the ratios (the density at 410 my divided by the 
density at 450 mu) between acid hematin prepared from blood of adult 
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Fic. 2. Linear relationships for alkaline hematin and oxyhemoglobin iron. Line 
D, regression for alkaline hematin density read at 400 mu, and Line FE, regression for 
alkaline hematin at 450 mz. 


ducks and solutions of hemoglobin on the one hand and that prepare! 
from young ducklings or anemic ducks on the other. This is in agreement 
with the results reported by Rostorfer and Rigdon for ducklings and adult 
ducks. 

That there are two regressions for these data becomes still more evident 
if a common regression (not shown in Fig. 1) is plotted for the data repre- 
sented by Lines B and C. The standard deviation from this assumed re- 
gression is 2.08 mg. per cent of iron or 0.62 gm. of hemoglobin per 100 ml. 
of blood. This is over 5 times the standard deviation for the data for Line 
A. The difficulty in the use of acid hematin analysis read at 450 my asa 
means of determining the amount of hemoglobin in avian blood now be- 
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comes apparent. Some substance, probably nucleoprotein, interferes with 
the acid hematin density at 450 my, possibly by producing a Tyndall effect. 

The variation in acid hematin density values between duplicate samples 
was significantly less at 410 mu than between duplicate determinations of 
acid hematin at 450 mu. 

Alkaline hematin values for samples from normal immature, adult, 
anemic ducks and hemoglobin solution are treated in a similar manner in 
Fig. 2. Line D represents the data at 400 my and Line E at 450 mu. 
There is only one true linear relation at either wave-length. The standard 
deviation of the data from Line D is 0.022 log unit or 0.67 gm. of hemo- 
globin per 100 ml. of blood and the standard deviation from regression 
for Line E is 0.008 log unit or 0.39 gm. of hemoglobin. There is greater 
deviation in the data for alkaline hematin at 400 mu than for those at 450 
mu. However, the data in Table II for alkaline hematin from hemoglo- 
bin solutions and whole blood indicate some variation, since the average 
value of the density at 450 my for alkaline hematin prepared from whole 
blood is 0.142 in comparison to 0.133 for hemoglobin solutions. 


DISCUSSION 


The lack of agreement between hemoglobin values from avian blood 
determined by gasometric analysis and by hemoglobin estimated to be 
present by colorimetric methods based on the density of acid hematin has 
led various investigators to question the accuracy of the Van Slyke mano- 
metric method for oxyhemoglobin determinations of avian blood. The 
experiments described above would indicate that there is a considerable 
variation in the density readings of acid hematin, depending upon whether 
these readings are made at 410 or at 450 mu. The standard deviation at 
450 my was several times that for the data at 410 mu. Acid hematin den- 
sity values are usually read at 450 my and some standards such as the New- 
comer plate are based on absorption at 520 mu. Thus, it would appear 
that these earlier determinations by Schultze and Elvehjem, Bankowski, 
and Rostorfer and Rigdon were made at a wave-length at which the density 
of acid hematin is quite variable. The lack of agreement mentioned above 
appears to be caused by the variation in acid hematin values and not by 
an unpredictable error in the manometric analyses. 

Furthermore, the iron found by analysis for duck blood varied from the 
iron calculated from the oxyhemoglobin in a predictable manner and within 
the limits reported for mammalian blood, for which the manometric method 
has been shown to be the most accurate of all analytical approaches. 

There seems to be a small amount of non-hemoglobin iron present in 
duck blood, but whether the amount is the same or actually greater than 
that found for man or other mammals is not clearly demonstrated by the 
experiments described here. The method of Nicloux and Fontes (14) for 
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determining ‘‘total hemoglobin,” in which NaS.O, is used to reduce the 
Fet** of inactive hemoglobin to Fet++ of active hemoglobin, may not be 
applied to similar analysis of avian blood because of the difficulty 
of equilibrating laked avian blood in the extraction chamber. This method 
was not investigated, but samples of avian blood were analyzed after 
equilibrating in tonometers, and the values were compared with values for 
samples equilibrated in the extraction chamber during which laking took 
place, the latter values being always lower when both were properly cor- 
rected by the respective C corrections. It might be possible to equilibrate 
hemoglobin solutions from which the nuclei have been removed in the 
extraction chamber and obtain comparable results with tonometer-equili- 
brated samples. However, it was thought that total iron analysis was a 
better approach, since the validity of the gasometric method was in doubt. 

There is rather close agreement between values obtained by manometric 
analysis and acid hematin density (log J)/J) at 410 mu. The sigma from 
regression at 410 my was small and acid hematin prepared by the method 
of Schultze and Elvehjem and read in the spectrophotometer at this wave- 
length varied linearly with the oxyhemoglobin. The regression failed to 
pass through the origin which can be interpreted to be caused by the pres- 
ence of some substance which increases the density reading. However, 
the acid hematin method read at 410 my would appear to give sufficiently 
accurate estimates of avian hemoglobin content. This is true for alkaline 
hematin read at 450 mu when the samples are heated in a boiling water 
bath for 4 minutes. 

Cyanhematin and pyridine hemochromogen methods have been investi- 
gated by the author as possible approaches to hemoglobin determination 
for avian blood. The cyanhematin method is useless because of the 


appearance of a flocculent precipitate and much of the cyanhematin is 


adsorbed on the precipitate or otherwise interfered with, so that the absorp- 
tion values are quite low in comparison with cyanhematin values for dog 
blood with similar oxygen capacity. The pyridine hemochromogen gives 
unpredictable values for avian blood because of the rapid fading of the 
color presumably due to reoxidation. 

The Van Slyke manometric method appears to be the most accurate 
means of hemoglobin analysis for avian blood, according to these experi- 
ments, if the proper precautions are taken in equilibration to avoid laking 
or utilization of oxygen by the red blood cells after the sample has been 
equilibrated. 


SUMMARY 


1. Blood from normal immature and adult ducks, anemic adult ducks, 
and samples of hemoglobin solution have been analyzed for total iron, oxy- 
hemoglobin, and acid and alkaline hematin. 
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9. Iron and oxyhemoglobin values were shown to vary consistently. 
Approximately 1.6 per cent of non-hemoglobin iron was found to be present. 

3. A linear relationship was established for oxyhemoglobin and acid 
hematin at 410 mu. The standard deviation from regression was 0.12 gm. 
per cent of hemoglobin, even when values from hemoglobin solutions were 
included in the data. 

4. Two linear expressions were evident for oxyhemoglobin and acid 
hematin densities read at 450 mu. One was for blood from immature and 
anemic birds and the other was for blood from adult birds and hemoglobin 
solutions from which most of the nucleoprotein had been removed. 

5. The nucleoprotein of avian blood appears to interfere with acid hema- 
tin density (log Io/I) at 450 my but does not do so appreciably at 410 mu. 
The reasons for this are discussed. 

6. There was only one linear expression for oxyhemoglobin and alkaline 
hematin at 450 my. The standard deviation from regression was less at 
450 than at 400 mu for alkaline hematin. 

7. The manometric method appears to be the most accurate method for 
hemoglobin analyses of avian blood. 
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MOLYBDENUM METABOLISM AND INTERRELATIONSHIPS 
WITH COPPER AND PHOSPHORUS* 


By C. L. COMAR,f LEON SINGER, ann GEORGE K. DAVIS 


(From the Florida Agricultural Experiment Station, Gainesville) 
(Received for publication, May 31, 1949) 


In 1938 it was discovered that naturally occurring molybdenum in cer- 
tain pastures in the United Kingdom was responsible for a severe disease 
of cattle and sheep (1). The unhealthy pastures were characterized by a 
molybdenum content of 20 to 100 parts per million on the dry basis, as 
compared with less than 5 p.p.m. in the normal pasture. The experi- 
mental production of the disease by administration of sodium molybdate 
to healthy cattle confirmed the toxic action of this element. The liter- 
ature on molybdenum in relation to the health of farm animals has been 
reviewed to 1944 by Russell (2). Potentially toxic levels of molybdenum 
have since been reported in parts of Florida and California (3, 4). 

A most satisfactory feature of the molybdenum problem has been the 
finding that supplemental copper will apparently cure or prevent the 
condition. The symptoms of this disease are remarkably similar to 
those of copper deficiency,' and the therapeutic action of copper indicates 
a relationship between these two elements which is as yet unexplained. 
An outstanding symptom of copper deficiency or copper-molybdenum 
imbalance is the interference with normal bone development. This ob- 
servation, in addition to the findings that alkaline blood phosphatase 
values in cattle were affected by the copper status of the animal (5), and 
that molybdenum metabolism was similar to that of phosphorus, has 
indicated that phosphorus may also be involved in the copper-molybdenum 
antagonism. 

Molybdenum Toxicity—Fairhall et al. (6) have presented a compre- 
hensive compilation of the literature on molybdenum up to 1945 and 
described an experimental study of its toxicity. It was found that soluble 
molybdenum compounds when fed to rats and guinea pigs in large doses 
of from 1200 to 6000 mg. per kilo of body weight invariably proved fatal; 


* Published with the permission of the Director of the Florida Agricultural Experi- 
ment Station. Taken in part from a thesis submitted by Leon Singer in partial ful- 
filment of the degree of Doctor of Philosophy in the Graduate School of the University 
of Florida.. This work was supported in part by a grant from the Nutrition Founda- 
tion, Inc., New York. 

t Present address, University of Tennessee, Knoxville. 

‘Davis, G. K., and Comar, C. L., unpublished results. 
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the fatalities were much less at a 120 to 600 mg. level. Intraperitoneg] 
injection experiments indicated a high mortality rate for guinea pigs in. 
jected with soluble molybdenum compounds in amounts of from 400 to 
800 mg. per kilo. Neilands et al. (7) have recently reported on the toxic. 
ity of sodium molybdate fed in a purified ration to the 21 day-old rat; 
a level of 5000 p.p.m. of molybdenum resulted in death after the Ist week, 
whereas levels of 1000 and 500 p.p.m. permitted a greatly reduced growth 
rate. The toxicity of a diet containing 400 p.p.m. was largely overcome 
by feeding an additional 20 p.p.m. of copper to a diet already containing 
77.3 p.p.m. 
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AGE IN DAYS 
Fig. 1. Effect of copper and molybdenum on rat growth 


EXPERIMENTAL 


In order to study the effect of low molybdenum levels when the ration 
was also low in copper, a number of 21 day-old piebald rats were placed 
on the following basal ration: 3418 gm. of whole milk powder, 3381 gm. 
of sucrose, 34 gm. of sodium chloride, 0.136 gm. of ferrous sulfate, 0.06 
gm. of manganous sulfate, and 0.023 gm. of thiamine hydrochloride. The 
copper content, by analysis, was 2 p.p.m. and the molybdenum about | 
p.p.m. Fig. 1 shows the growth retardation caused by a level of 80 p.p.m. 
of molybdenum in this ration and effective compensation by an increase 
to 35 p.p.m. of copper. At 57 days the fifteen rats in Group 1 (35 p.p.m. 
of copper, 80 p.p.m. of molybdenum) showed an average gain of 44 + 4 
gm., while the sixteen rats in Group 2 (2 p.p.m. of copper, 1 p.p.m. of 
molybdenum) averaged 42 + 8 gm., and thirteen rats out of an original 
fifteen in Group 3 (2 p.p.m. of copper, 80 p.p.m. of molybdenum) aver- 
aged 24 + 13 gm. At 67 days, eight rats out of fifteen in Group 3 had 
died, while three had been sacrificed earlier for observation. 
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Throughout the experiment the animals in Group | were of normal ap- 
pearance and behavior. The animals in Group 2 were normal during 
the first part of the trial, but a lightening of the coat of hair near the end 
of the experiment indicated the development of copper deficiency. The 
animals in Group 3 showed a retarded skeletal growth with poor calcifica- 
tion; they developed diarrhea, a rough coat of hair, and in severe cases 
developed an excessive lacrimation of the eyes. It is recognized that 
the basal ration was not completely adequate, but the experiment does, 
nevertheless, emphasize the effect of nutritional status on molybdenum 
toxicity. This indicates that molybdenum toxicity must be considered 
in terms of the copper level of the diet, or conversely, a copper deficiency 
must take into account any molybdenum present. It has also been ob- 
served that molybdenum ‘toxicity is much less pronounced in the mature 
rat. 

Molybdenum Metabolism—Tracer studies were undertaken with radio- 
active Mo*’. This isotope was obtained as a pile-produced irradiation 
unit consisting of 10 gm. of MoO; with an initial activity of about 40 
mc. The material as received was transferred to a 400 ml. beaker and 
35 ml. of 14.3 per cent NaOH were added. The mixture was stirred 
mechanically until a clear solution was obtained, which was then diluted 
to a convenient volume with distilled water to give a pH near 7. No 
significant radioactive contaminants were expected in this unit on the 
basis of the analysis of the target material, and the observed half life 
agreed well with the established value of 67 hours. The administration 
to the animals and the collection, handling, and assay of the samples were 
the same as described for copper and cobalt (8, 9). 

Since the ruminant is apparently more sensitive to copper-molybdenum 
imbalance than are the species with single stomachs, cattle were also used 
for experimentation. Table I shows the tissue distribution of Mo in- 
jected and orally administered to 14 month-old steers. It was apparent 
from the excretion values that considerable absorption of ingested molyb- 
denum from the tract occurred. There was general distribution of the 
administered molybdenum in both cases; however, retention in the various 
tissues was low. In another experiment the percentages of the ingested 
dose found in the blood at 16, 41, 64, and 95 hours were 0.6, 2.9, 2.6, and 
1.5, respectively; the corresponding values for the liver as determined by 
biopsy for the first three intervals were 0.26, 0.51, and 0.42. This in- 
dicated rather rapid absorption with a peak at 41 hours after dosage. Of 
particular interest was the observation of high selective accumulations 
in the adrenals, bone, liver, eye, intestinal lymph glands, and kidney. 

Table II shows the definite similarity between phosphorus and molyb- 
denum accumulation in the tissues of the bovine despite the differences 
in time of sacrifice. For comparison, the concentration in the vertebra 
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TABLE I 
Tissue Distribution of Labe led Molybde num Administered to ( 


Mode of administration io See Oral Jugular injection 
OE MOR SMOG, F515),.. 5 indie nove oA ek 0 0ds odie de 14 14 
Weight of animal, PT ey epee ee ener 380 380 
Actual dosage, gm. of MoO3..............2.24.- é 7.0 1.9 
EE IEEE 6 5 div cra Pec daeabchiecs 09.000 12 4 
gp per — per 
ri ony Per cent of ridaoeg rer ce nt of 
weight per } dose — | a eight pe —— whole 
dosage dosage 
Y 
E.'s. 4.0 odaprnbaty 40 sta pen e's . 0 13.8 0.000089 
IC apc 4.5. oe haa tates cet ’ 0 1.5 0.00047 
Thymis............2... Li eens ELE 0.00035 4.0 0.012 
Se eee ee a Mer ; 0.00041 34.1 0.00037 
hes shies Metin. «apa ovshs 0.63 0.0013 | 9.9 0.02 
Salivary glands................... ..| 0.38 0.00050 = ‘5.6 
Parotid glands................ | 0.81 0.00085 6.6 
oor, Sid c cunte sos oan 0-4-s ” 0 24 0.00077 
Cerebellum.............. in - * 0 1.0 0.0027 
eee. eeieviattely Si... glade 1.4 
Eye.. caer 1.28 0.00082 26.5 0.017 
Intestinal Hy mph glands ee 23.2 
Heart. . ee. * Ree, 4 ; ° 0 3.6 0.033 
Blood....... | 0.50 0.066 11.2 1.5 
Aorta 5b ae ae ee | 0.31 0.00024 5.7 0.0075 
PRetwiatin. acc: . dtodd alee 0.016 | 11.0 0.17 
eit it RS hn ve esteiten Sy ots | 0.16 | 0.00036 | 5.8 0.0097 
i Te gles anaes eee 3.73 0.017 | 26.3 0.13 
Bladder. .... eA eas eet Nh 0.0052 7.1 0.0054 

in ae WANA Np ta 0.86 0.00061 | 38.8 0.062 
cote EIST TIE ee 0.0013 4.9 0.028 
a eee eee ie 0.00090 4.8 0.012 
Fundus abomasum mucosa........... a 5.2) 

re = muscular.........., 0.46 ° 3.3\ = 
Pyloric abomasum mucosa........ pe . ven 6.2/ — 

” - muscular...... | 0.35) 4.4) 
Abomasum contents.................., 0.59 | 0.0046 11.4 0.2! 
ts! 5 .35., e290.c TRO bis a - .....| 0.40 0.0019 7.6 0.036 
ie ON 45) Sot ech lasrey ich ..+«| 0.29 0.0033 6.1 0.074 

ee PP rere molt ree 0.010 1.7 0.27 
Rumen.. 4 in cata | 0.39 | 0.012 11.2 0.38 

" and reticulum contents ‘Pre battire’ | 0.28 0.056 ps: 1.16 
Duodenum, mucosa..................| 1.65) 7.8) 

“ muscular...... je a ed 3.4! 
Jejunum, mucosa...... ~seeeee on 10.9} P 
' + muscular..... | 1.75/ a 6.5/ ~ 
Tleum, mucosa... . 1.21) 13.3) 
“muscular. 1.18) 5.9| 


‘attle 
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TasBite I—Concluded 
Mode of administration Ora) Jugular injection 
Age of animal, mos. . 14 14 
Weight of animal, /ds. 380 380 
Actual dosage, gm. of MoO; 29 1.9 
Sacrificed after, days.... ; eat 12 4 
| = per — per 
on Per cent of fon Per cent of 
: weight per > ee weight per =e 
per dosage dosage 
ie ‘ 
ss 7 
Small intestine contents... | 0.34 _ 0.0074 7.9 | 0.30 
i “ WIMOOGRE 6. 425368 oes ES |; 2.16 F 11.6 x 
089 a . muscular. | 0:29 — va ence 
M7 “ “ — contents..............| 0.61 0.021 | 22.8 | 0.52 
RNROES, ... <cisslewvn ds. eres oe 0.00087 6.6 0.012 
)37 Spleen. .. | 3.29 0.012 7.5 | 0.082 
| ee | 8.47 0.12 26.5 | 0.69 
Gallbladder. 5.2 0.0012 
Bile... | 0.34 , 0.00009 1.6 | 0.00082 
7 Tenderloin muscle.... at ” | (ae 
v4 Gastrocnemius muscle. . nee | 0.20 3.8 
Ligament. . a | 0.19 5.7 
Cartilage........ | 2.0 6.1 
Long bone (femur) | 6.8 19.5 
Rib bone 8.9 29.4 
Vertebra. . 3.8 21.9 
5 Periosteum. : 9.6 
6 Red bone marrow 1.65 12.2 
i White bone marrow 0.92 1.3 
| Teeth. . : 4.37 15.6 
‘ Hide......... 0.92 0.14 8.9 1.4] 
: Collected feces 34.2 / 11.0 
) * urine... 45.2 36.7 


* No radioactivity detected in sample. 


has been set at 1000. The phosphorus values were obtained with P* 
from animals sacrificed 1 day after injection and 2 days after oral ad- 
ministration. 

Effect of Phosphorus and Copper on Molybdenum Metabolism—Numerous 
experiments have been run in which Mo” was fed to rats alone, with phos- 
phorus, with copper, and with both to determine whether the accumula 
tion in the tissues was changed. Significant differences were not ob- 
served, which agreed with Neilands et al. (7), who reported that the 
simultaneous administration of copper did not affect the molybdenum 
distribution. 
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When 40 mg. of MoO; were administered by stomach tube to five 
rats,.the urinary-fecal ratio was 1.6 + 0.6; however, when 23 mg. of phos. 
phorus as NagHPO, were simultaneously given, the urinary-fecal ratio jn 
four rats increased to 9.0 + 3. This indicated that phosphorus increased 
the absorption of the molybdenum, but that retention was so low that no 
differences were found in tissue accumulations even though the animals 


TABLE II 
Comparison of Phosphorus and Molybdenum Accumulation in Selected Tissues 
of Bovine 


Concentration of vertebra set at 1000. 


Jugular injection Oral administration 
Phosphorus Molybdenum Phosphorus Molybdenum 
Vertebra 1,000 1000 1000 1000 
Long bone (femur) 623 694 1790 
Rib bone 970 1340 2330 
Thyroid 535 204 27 0 
Thymus 348 182 430 109 
Adrenals 4,018 1550 818 815 
Brain... 76 72 100 0 
Kye : * 108 1200 33 334 
Intestinal lymph glands. . 1,270 1050 845 1690 
SE CS ee ee 1,030 | 500 510 255 
ee SEL ee ee eee 2,900 | 1200 780 976 
Abomasum. . 545 | (175 240 195 
Small intestine... 350 | 404 451 402 
Large a eT nae on 580 334 405 192 
Re eee oe 2,060 302 759 143 
ODN, oe ge en a ee a 10,060 | 342 686 865 
Liver... ee ee ae 5,350 1210 963 1430 
Tenderloin muscle 580 78 311 0 
Cartilage........ 372 278 123 530 
Red bone marrow. 1,580 555 1240 431 





White bone marrow HRs 108 58 | 20 


242 
were sacrificed after 18 to 20 hours. 
curred within 24 hours after dosage. 

Effect of Molybdenum and Copper on Phosphorus Metabolism—Mature 
and 8 to 9 week piebald rats on a regular stock ration were used to deter- 
mine the effect of molybdenum and copper on the absorption and tissue 
distribution of labeled phosphorus. In each case, except Group C, 1 ml. 
of solution containing the activity plus the additional elements was ad- 
ministered to the fasting rat by stomach tube. The amounts used were 
2.14 y of P®? as NaeHPO,, 5.18 mg. of copper as CuSO,, and 34.3 mg. of 


Most of the urinary excretion oc- 





moly 
denu: 
label 

Ta 
comr 
2 she 
effec 
3 are 








whi 
pare 
indi 
to 1 
As 
and 
bon 
by 
fror 








C. L. COMAR, L. SINGER, AND G, K. DAVIS 919 


molybdenum as NazMoQ,. Rats of Group C were fed 22 mg. of molyb- 
denum as NazMoOQ, daily for 3 days preceding administration of the 
labeled phosphorus. All the rats were sacrificed at 24 hours after dosage. 

Table III shows the concentrations in selected tissues calculated to a 
common basis for comparative purposes. A comparison of Groups 1 and 
2 shows that the simultaneous administration of copper had little, if any, 
effect on the phosphorus accumulation. However, the values from Group 
3 are in each case slightly but significantly higher than those of Group 1, 


TABLE III 

Effect of Molybdenum and Copper on Accumulation of Ingested Phosphorus in Tissues 
of Rat 

The results are expressed as micrograms X 10‘ of labeled phosphorus per gm. of 

fresh tissue based on a 1 y dose per 100 gm. of body weight. 


| 
1 
| 
} 
} 




















-1}3i | | 

Sis } 

§ I's | Age Treatment [Blood | Lung fron Liver | — | Mus" | Bone | Hide 

£/|° | | | 

Pat al siete | asin nr eicae eI 

1 | 10; Mature | P* 4| 11] 13| 33} 20} 5] 20 3 
E4 | +1* +2] +6 |410 | +5 jl) 26 | +1 

2/10) “ “ +Cu | 4| 13 19} 44] 23) 5| 2 | 2 
pe: | | | +21 +6| +8 |+17| +8| +2] 46 | +0.6 

7s * “ + Mo | 6| 18| 2| 48| 32| 7| 4 | 6 
a | +2 | +7) +8) +6 | +6) 43/415 | +2 

—_e * “ +Mo+Cuj 3] 8| 18| 29) 14 5) 13 3 

| #1) £3 | £6 | +7 | £5 | +3 | +3 +0.3 

A/ 12} Young “ | 13| 30} 63) 88} 66) 20 | 260 ou 
| | | +4] +9 1417 |418 |e1s | +5 |460 | 43 

oe “+Mo+Cu| 9|/ 24] 55/ 68] 50] 11/133 | 7 
oan | £2 | £7 | £8 [417 | +8 | +4 1435 | +3 

cia Mo + P*¥+ | 9} 28! 47| 53] 51] 17/199 | 8 
| 42, +5 |415 411 |411 | +4 |438 | 41 


Labeled P dosage, 2.14 7; additional Cu, 5.18 mg.; additional Mo, 34.3 mg. 
*The mean value plus-minus the mean deviation. 
t Rats given 22 mg. of Mo per day for 3 days preceding P* dosage. 


which indicates that the simultaneous administration of molybdenum ap- 
parently increased the phosphorus uptake. The values from Group 4 
indicate that the combination of copper and molybdenum had a tendency 
to reduce the phosphorus accumulation. A comparison of Groups 1 and 
A shows the effect of age; the younger rats accumulated more phosphorus 
and, as would be expected, the difference was greatest in the case of the 
bone. Group B shows again the reduction in phosphorus uptake caused 
by simultaneous administration of molybdenum and copper. The values 
from Group C indicate that when molybdenum is fed sometime previously 
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there is a tendency for the phosphorus accumulation to be decreased. 
This was confirmed by another experiment with two groups of four mature 
rats which had been on high and low molybdenum diets for some time. 
The rats on the high molybdenum diet showed relative P* concentration 
values for the blood, liver, kidney, and bone of 0.1, 1.1, 0.7, and 2.0, re. 
spectively; the corresponding values for the rats on a low molybdenum 
ration were 0.2, 1.7, 1.2, and 3.5. 

Effect of Molybdenum and Phosphorus on Copper Metabolism—The pro- 
cedures developed for the use of Cu® have already been described (10), 
A study with Cu®, similar to the one outlined above for P®*, was under- 
taken with normal mature piebald rats. Table IV shows the effect of 


TABLE IV 
Effect of Molybdenum and Phosphorus on Accumulation of Ingested Copper in Tissues 
of Rat 


The results are expressed as micrograms of labeled copper per gm. of fresh tissue, 
based on a 10 mg. dose. 








Dosage | Liver | Blood | Lung | Spleen | Kidney| Muscle | Hide 

7.3 mg. Cu® | 46 5 | 2 5 | 13 0.5) 0.2 
+6 (2.5)* | +1 | 40.3 | +3 +3 | 40.3 | 40.0 

Same + 40mg.Mo | 18 1 | 4 e | 8 0.6!) 0.3 
|+5 (1.2) | 2 | +2 +2 +1 | +0.4/) +0.04 

ae " 2 9 10 3, 1.8 5 0.7 0.4 
+5 (0.5) | 43 | 42 | +1 +1 | 40.6! +0.3 

5.4 mg. Cu + 24mg.) 7 13 3 3 6 0.7 0.4 
Mo + 23 mg. P +0.8 (0.5) +2 +0.4; 40.8 | +1 +0.1 > +0.2 








*The mean value plus-minus the mean deviation; the values in parentheses 
represent the percentage of the dose in the whole organ. There were four rats in each 
group. 


simultaneously ingested molybdenum and phosphorus upon the tissue 
accumulation of labeled copper; all animals were sacrificed 18 hours after 
dosage. It is evident that molybdenum and phosphorus decreased the 
liver accumulation of copper by 23- and 5-fold, respectively; with the 
other tissues it should be noted that except for the kidney there was little 
or no significant reduction. | 

The effect of molybdenum on copper storage in the liver of the bovine 
has also been demonstrated by use of the radioisotope. Two calves, 3} 
and 5 months old, which had been on a high molybdenum ration previous 
to the experiment accumulated 0.13 and 0.82 per cent of orally admin- 
istered copper in the liver after 42 hours; in a parallel study three calves 
receiving no supplemental molybdenum showed values of 3.8, 3.8, and 
4.6 per cent. Numerous analyses of livers of mature cattle maintained 
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on pastures in Florida having an unfavorable molybdenum-copper ratio 
have shown values of around 10 p.p.m. of copper and up to 10 p.p.m. of 
molybdenum on the dry basis; normal liver values have been found to 
range from 80 to 130 p.p.m. of copper, and 0 to 2 p.p.m. of molybdenum. 
This is in agreement with the report of Dick and Bull (11) who found similar 
values for the livers of cows on a high molybdenum intake over a period 
of 3 years. They also showed that, when molybdenum intake of sheep 
was increased to 10 or 100 mg. per day, the copper concentration in the 
liver was significantly reduced. 


DISCUSSION 


A theory for the copper-molybdenum action, which has recently been 
suggested by McGowan and Brian (12), is as follows: The activity of bac- 
teria in the gastrointestinal tract is controlled by catechols; molybdates 
reduce the effective concentration of catechols by formation of complexes 
and the uncontrolled bacterial activity becomes excessive and causes the 
condition which is manifested by extreme diarrhea; the therapeutic effect 
of copper is due to its toxic action on the bacteria. In preliminary in- 
vestigations, cows exhibiting severe diarrhea associated with an unfavorable 
copper-molybdenum ratio were given large quantities of sulfathiazole (up 
to 3 grains per pound) by Davis and Kidder.? No effects on the diarrhea 
or other symptoms were observed. This would indicate that the symp- 
toms are probably not caused simply by uncontrolled bacterial activity. 

The interference in bone metabolism most marked with molybdenum 
intake cannot be accounted for by the formation of an unavailable molyb- 
denum-phosphorus complex. The data indicate that simultaneous ad- 
ministration of molybdenum to the rat did not decrease phosphorus util- 
ization. Either molybdenum or phosphorus administered simultaneously 
with copper decreased the liver accumulation of copper. Since relatively 
high phosphorus diets, otherwise normal, do not cause bone changes nor 
is the condition so extreme in uncomplicated copper deficiency, it is sug- 
gested that molybdenum has some toxic action over and above the re- 
duction of liver copper. 

In attempting to clarify the action of molybdenum in the animal, the 
following experimental facts should be taken into consideration: (a) Molyb- 
denum is accumulated in the bone at about the same rate as phosphorus, 
(b) molybdenum tends to reduce the copper storage in the liver, (c) molyb- 
denum toxicity is apparently overcome by administration of excess copper, 
and (d) alkaline blood phosphatase values of cattle are raised when molyb- 
denum-copper imbalance exists. Perhaps the action of molybdenum may 


*Davis, G. K., and Kidder, R. W., unpublished data. 
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be due to an interference in the enzyme systems necessary for bone develop. 
ment indirectly as a result of a lowered liver copper, and also by a possible 
direct poisoning effect, as has already been observed with certain phos. 
phatases (13, 14). 


SUMMARY 


The dependence of low level molybdenum toxicity upon the dietary 
copper intake of the rat has been demonstrated. 

The tissue distribution of Mo* intravenously injected and orally ad- 
ministered to the bovine is presented, and the similarity between the 
behavior of phosphorus and molybdenum is shown. 

The interrelationships of molybdenum, copper, and phosphorus in the 
rat have been investigated with the radioisotopes of these elements. The 
results suggest that the toxic action of molybdenum may be due to the 
following mechanisms, which are listed in probable order of decreasing 
importance: (a) Interference, due to a lowered liver copper, in enzyme 
systems necessary for skeletal metabolism; (b) inhibition of these enzyme 
systems by molybdenum; and (c) competition between phosphorus and 
molybdenum for deposition in the bone. It seems unlikely that the toxic 
action of molybdenum can be accounted for simply by a complex forma- 
tion which renders other elements unavailable. 
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A SPECTROPHOTOMETRIC STUDY OF THE BEHAVIOR OF 
CARBOHYDRATES IN SEVENTY-NINE PER 
CENT SULFURIC ACID* 


By MIYOSHI IKAWA anno CARL NIEMANN 


(From the Gates and Crellin Laboratories of Chemistry,} California Institute of 
Technology, Pasadena) 


(Received for publication, May 10, 1949) 


Carbohydrates per se do not exhibit significant specific absorption in 
the 210 to 400 mu region (1, 2), but, when exposed to the action of strong 
mineral acids, they are transformed into products which do absorb specifi- 
cally in this region and which will react with a variety of reagents to 
give colored addition products. This latter fact has been utilized in the 
development of colorimetric methods suitable for the identification and 
estimation of mono-, di-, and polysaccharides, as, for example, in the car- 
bazole-sulfuric acid method described by Dische (3, 4). Although a 
considerable amount of information is available with respect to the spectral 
characteristics of the various colored addition products (5-7), relatively 
little is known about the absorption spectra of solutions of carbohydrates 
in strong sulfuric acid, the medium used in most of these procedures. 

Bandow (8) determined the absorption spectra of solutions of a number 
of sugars in concentrated sulfuric acid after the solutions had been allowed 
to remain at room temperature for a day and noted that, while the spectra 
were not superimposable, the absorption curves for the hexoses, pentoses, 
and glucuronic acid were similar to that of furfural determined under 
the same conditions. In the course of a systematic study (6) of the vari- 
ables influencing the Dische carbazole method the spectra of solutions 
of glucose, galactose, mannose, fructose, and N-acetylglucosamine in 79 
per cent sulfuric acid were determined, and it was noted (6) that with 
fructose the strong extinction, observed with solutions that had stood at 
25° for 40 minutes, decreased when these solutions were subsequently 
heated at 100° for 15 minutes. In contrast to the above, solutions of the 
aldohexoses exhibited no significant specific absorption when allowed to 
stand at 25° for 40 minutes but did absorb strongly in the 315 my region 
after the solutions had been heated at 100° for 15 minutes. 

The above observations suggested the possibility of utilizing the ultra- 


* This investigation was supported in part by a research grant from the Division 
of Research Grants and Fellowships of the National Institutes of Health, United 
States Public Health Service. 

t Contribution No. 1299. 
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violet absorption spectra of strong sulfuric acid solutions of the saccharides 
for analytical purposes and we have now demonstrated that this pro. 
cedure is a practical one in a number of cases. The desirability of using 
79 per cent sulfuric acid as a medium was suggested by earlier studies 
in these laboratories (6), and it will be noted that sulfuric acid of this 
concentration is still an excellent solvent for practically all polyhydroxy 
compounds (9). 





Log jo (Io/1) 














j L 
220 260 300 340 


Wave Length in Millimicrons 
Fie. 1. Spectra of heated solutions of the aldopentoses in 79 per cent sulfuric 
acid. Curve 1, 100 y of xylose; Curve 2, 100 y of ribose; Curve 3, 100 y of arabinose; 
Curve 4, 100 y of lyxose. 


EXPERIMENTAL 

84 per cent (by weight) sulfuric acid was prepared from reagent grade 
acid. The carbohydrate solutions contained 100 y of anhydrous com- 
pound per ml., account being taken of water of crystallization whenever 
necessary. The glucosamine hydrochloride solution contained 100 y of 
free base per ml. The identity and purity of the individual compounds 
were checked by a determination of their optical rotation and their 
melting points. 

9 ml. portions of 84 per cent sulfuric acid contained in 15 & 150 mm. 
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test-tubes were thoroughly chilled in an ice bath. 1 ml. portions of the 
aqueous carbohydrate solutions were then added and the resultant solu- 
tions mixed by stirring with a glass rod, the tubes being immersed in the 
ice bath to avoid a rise in temperature. These solutions, which were 
uniformly 79 per cent in sulfuric acid, were placed in a bath kept at 25° 
for 2 hours or in a boiling water bath for 15 minutes. The spectra of 
these solutions were determined, at room temperature, after cooling in a 
water bath, with a Beckman model DU spectrophotometer equipped with 





Log ig {lo/!) 














1 1 l 
220 260 300 
Wave Length in Millimicrons 


Fig. 2. Spectra of heated solutions of two 6-desoxyaldohexoses in 79 per cent 
sulfuric acid. Curve 1, 100 y of rhamnose; Curve 2, 100 of fucose. 


1 cm. quartz cells. The values reported are averages of two or more 
separate determinations, with a maximum deviation of +5 per cent from 
the mean value. The curves were constructed from readings taken at 
10 mu intervals except in regions of maxima and minima, where the in- 
terval was reduced to 5 and 2.5 mu. 

The absorption curves for solutions of glucose, galactose, mannose, 
fructose, and N-acetylglucosamine in 79 per cent sulfuric acid, after these 
solutions had been heated at 100° for 15 minutes, have been presented 
earlier (6). The absorption curves for comparable solutions of xylose, 
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arabinose, ribose, lyxose, rhamnose, fucose, sorbose, glucosamine, gly. 
curone, and galacturonic acid are given in Figs. 1 to 3, inclusive. 

The salient spectral characteristics of 79 per cent sulfuric acid solutions 
of the carbohydrates investigated are given in Table I. Molecular ex. 
tinction coefficients were calculated from the relation « = 1/cd logis I)/I, 
where c = the final concentration in moles per liter of the solution and 
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Fig. 3. Spectra of heated solutions of various sugars in 79 per cent sulfuric acid 


Curve 1, 100 y of glucurone; Curve 2, 100 y of galacturonic acid; Curve 3, 100 y o 
sorbose; Curve 4, 100 y of glucosamine. 


d = the cell thickness in cm. In Table I values of Amax. and émax. ale 
given for solutions heated at 100° for 15 minutes; values of ¢3:; for solutions 
maintained at 100° for 15 minutes and at 25° for 2 hours, respectively, 
are recorded. Extinction coefficients were determined at 315 my, because 
practically all of the principal maxima lie in the region of 300 to 325 mp 
and values obtained at 315 my appear to be generally useful for compar 
ative purposes. In addition, fructose solutions maintained at 25°, which 
were of particular interest because of the unusual behavior of the keto 
hexoses, absorb maximally at this wave-length. 

The 2 hour period selected for observations at 25° was a compromise. 
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TABLE [| 
Spectral Characteristics of Solutions of Various Carbohydrates in 79 Per Cent Sulfuric 
Acid 


a _ — — : nena —— 





15 min. at 100° | 2 brs. at 25° 
Carbohydrate amen - _ 
Amax. we, * €215 mu X 10% 
%s = 
p-Xylose | 309 14.3 13.6 2.7 
254 3.8 
p-Arabinose L. <a 8.3 tid 0.46 
243 3.0 
p-Ribose | $307 9.2 8.5 0.82 
| 249 3.5 
p-Lyxose | 299 6.6 5.7 1.26 
237 3.6 
L-Fucose | 327 11.8 8.9 0.98 
| 250 1.6 
L-Rhamnose 327 12.6 9.5 1.00 
266 4.8 
p-Glucose 308 1.0 2:7 0.09 
250 1.6 
p-Mannose 305 2:3 2:3 0.11 
249 2.9 
p-Galactose 300 4 .9* 3.6 0.13 
250 2.2 
p-Fructose 313 3.1 3.0 11.5 
255 1.4 
L-Sorbose 299 5.0 3.9 10.6 
243 3.2 
p-Glucurone 294 9.3 5.5 0.02 
p-Galacturonic acid 294 9.8 5.6 0.17 
N-Acetyl-p-glucosamine 0.31 0.0 
p-Glucosamine hydrochloride 245 1.4 1.5 0.04 
287 1.25 
325 1.75 
p-Mannitol 0.09 0.0 
meso-Inositol 0.02 0.0 
Adonitol 0.0 0.0 
Sucrose 6.3 12.0 
Maltose 6.9 0.17 
Trehalose 6.9 0.03 
Lactose ye 0.24 
Melibiose 72 0.31 
Raffinose 9.8 11.6 
Melezitose 10.0 12.8 
Starch 3.2f | 0.02f 
Glycogen 3.1 0.06T 


Inulin 2.6f | 9.6T 





* This value is about 0.8 higher than that calculated from a previous determi- 
nation (6). 
t Calculated by taking the anhydrohexose unit (C,H, 0;) as the molecular unit. 
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A period longer than 2 hours at 25° was not judged desirable, because 
solutions of the pentoses, notably xylose, began to absorb rather strongly 
and with a period of less than 2 hours the extinction coefficients of the 
solutions of sorbose and the fructose containing oligosaccharides wer 
increasing too rapidly to permit the attainment of reproducible results 
It was noted previously (6) that the extinction coefficients of the bands 
in the 300 to 325 my region decreased slowly when the solutions were 
maintained at 100° for prolonged periods. It appears that with a number 
of sugars émx. is attained in approximately 5 minutes heating at 100° 
decreasing 10 to 15 per cent during the next few minutes of heating. 15 
minutes at 100° appeared to be a reasonable compromise, considering 
convenience, reproducibility, and general applicability. 


TaB.e II 
Behavior of Classes of Monosaccharides in 79 Per Cent Sulfuric Acid 














At 25°, 315 mu | At 100°, 315 my 

Class SLX Le ane 
eX 1073 | Logio Jo/I* | ¢€ X 1073 | LogwJo/I* 
a | Bice 
Aldopentoses and 6-Desoxyaldohexoses...... >0.4 | >0.025) >5.0 >0.35 
Aldohexuronic acids............. <0.2 | <0.010' >5.0 | >0.25 
Aldohexoses........ rey ES 7 <0.2 | <0.010' <4.0 | <0. 
Ketohexoses............. age ..| >10.0 | >0.550!' <4.0 | <0.25 
Polyols....... Reeth ee salie lets <0.1 | <0.005  <0.1 | <0.005 
* Of solutions containing 10 y of anhydrous compound per ml. of acid solution 


Results 


From the data contained in Table I certain generalizations, summarized 
in Table II, may be made with respect to the behavior of non-nitrogenous 
monosaccharides in 79 per cent sulfuric acid. It is evident that the infor- 
mation contained in Table IT will permit one to assign a given non-nitrog- 
enous monosaccharide to a particular class and thus facilitate its ultimate 
characterization either by further spectrophotometric analysis, by means of 
the data contained in Table I, or by paper chromatography (10). 

With binary mixtures of non-nitrogenous monosaccharides it follows 
from the data given in Table I that those mixtures which contain a keto- 
hexose or a 6-desoxyaldohexose as one component are amenable to analysis 
by the above spectrophotometric procedure. Binary mixtures of two 
members of the same class (Table II) in most cases cannot be analyzed 
satisfactorily, nor can binary mixtures containing only aldopentoses, aldo- 
hexoses, or aldohexuronic acids, though in these cases a value for logw 
I,/I greater than 0.25 for a solution containing 10 y of solute per ml, 
heated at 100° and observed at 315 my, will be indicative of the presence 
of an appreciable amount of aldopentose or aldohexuronic acid. 
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A number of color reactions suitable for distinguishing between aldo- 
ses and ketoses and based upon treatment of the sugar with sulfurie or 
hydrochloric acid and a second reagent have been described (11). In 
view of the fact that adequate spectrophotometers are now generally 
available, it would appear from the present investigation that direct 
spectrophotometric examination of the acid solution without the addition 
of a second reagent is the more satisfactory procedure, especially for quanti- 
tative observations. 

The applicability of the direct spectrophotometric method to oligosac- 
charides is illustrated by data contained in Table I. It will be noted 
that in general there is good agreement between the extinction coefficients 


TABLE III 
Analysis of Mixtures of Galactose and Fucose 


Moles galactose 








seid fort Moles fucose 
Added {| Found* | Added | Found 
c a 
Galactose eae A 8 58 | 1.00 1.08 
Rr seek osu Oe ! 50.0 | 49 
NE ihc sade tadine «aimed. See eRe eR ee 84.5 $080 |. 8a 
ET ee ee See we ee | 25.0 24 
I pe etre ee Fo 27.4 27 | 0.33 0.32 
IS sion via’ bc kis as aes oe eat as | 75.0 77 
oe oo Ree ee 54.9 57 2.00 2.16 
CRO, 4. Seed ae, ee hc Ale OP ee | 25.0 24 
N-Acetylglucosaminef.................. ’ 33.7 





* Average of a duplicate analysis. 
t The absorption at 300 and 327 mu was corrected for the slight amount due to 
the N-acetylglucosamine added. 


of solutions of the oligosaccharides and those expected on the basis of 
the component monosaccharides. The data clearly show that maltose, 
trehalose, lactose, and melibiose contain 2 aldohexose residues; sucrose, 
an aldohexose and a ketohexose residue; and raffinose and melezitose, 1 
ketohexose, and 2 aldohexose residues. 

Whereas the ketohexoses are distinguishable from the other classes of 
sugars listed in Table II because of the large extinction coefficients de- 
veloped in 79 per cent sulfuric acid solutions at 25°, the 6-desoxyaldo- 
hexoses are distinguishable from the other classes because of the position 
of the principal maxims. developed in 79 per cent sulfuric acid solutions 
heated at 100°. It will be noted that the principal maxima of heated 
solutions of fucose and rhamnose are located at 327 muy; 7.e., at a longer 
wave-length than the maxima of heated solutions of the other types of 
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monosaccharides. Fortunately the extinction coefficients of these maxims 
at 327 my are quite large, making it possible to resolve the spectra of 
solutions containing 6-desoxyaldohexose and other types of sugar into q 
‘‘6-desoxyaldohexose peak” and a second peak characteristic of the other 
type of monosaccharide present in the mixture. 

Fucose and rhamnose are known to occur in a number of immunologically 
active polysaccharides (12), and in studies in these laboratories on prepa. 
rations of blood group A-specific substance from hog gastric mucosa it 
has been found that the amount of 6-desoxyaldohexose present in these 
preparations can be determined from the spectra of their solutions in 79 
per cent sulfuric acid after the latter have been heated at 100° for 15 
minutes. The values so obtained for the fucose and galactose content of 
preparations of blood group-A specific substance were in good agreement 
with values noted by other investigators.! Several representative analyses 
of fucose-galactose and fucose-galactose-N-acetylglucosamine mixtures are 
given in Table III. These values were calculated from extinction values 
found at 300 my (galactose) and 327 my (fucose) for solutions of the mix- 
tures and of the pure monosaccharides. 

The direct spectrophotometric determination of carbohydrates by the 
above procedure should be used with caution in the investigation of complex 
natural products until interferences arising from non-carbohydrate com- 
ponents can be evaluated. Although it has been found that the method 
is applicable for the estimation of carbohydrates in the presence of signifi- 
cant quantities of representative simple proteins,’ no information is avail- 
able in regard to possible interference by other classes of organic com- 
pounds. 


SUMMARY 


The spectral characteristics of solutions of eighteen representative mono 
saccharides in 79 per cent sulfuric acid have been determined for solutions 
maintained for 2 hours at 25° and 15 minutes at 100°. The use of these 
data for the identification of ketohexoses and 6-desoxyaldohexoses has 
been pointed out, as has their application to the quantitative determ:- 
nation of certain monosaccharides when present singly or in admixture 
with other monosaccharides, either as the monosaccharides or as com- 
ponents of oligosaccharides and polysaccharides. 
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| Recently Cram and Rossiter (1) reported on the phosphomonoesterases 
of rabbit polymorphonuclear leucocytes. These cells also possess an en- 
syme capable of hydrolyzing the simple methyl esters and triglycerides of 
the low molecular weight fatty acids. 

As early as 1909 Bergel (2) claimed that lymphocytes from tuberculous 
pus, spleen, or lymph glands contained an active lipase, an observation 
confirmed by Fiessinger and Marie (3). Nees (4) stated that polymorpho- 
nuclear leucocytes from pus also contained a lipase, but Bergel (5) claimed 
that the enzyme was in contaminating microorganisms rather than in the 
polymorphonuclear cells themselves. Morris and Boggs (6) showed that 
leucocytes from the blood of patients with both myeloid and lymphatic 
leucemia hydrolyzed ethyl butyrate. Subsequently Fleischmann (7) 
showed that rabbit polymorphonuclear leucocytes contained a tributyrin- 
splitting enzyme, while Barnes (8) reported that the enzyme was present 
incat and rabbit lymphocytes as well as in rabbit polymorphonuclear leuco- 
cytes. All these workers referred to the enzyme as a lipase. The sub- 
strate specificity, kinetics, and Michaelis constant indicate that it should 
be called an esterase rather than by the more general and less accurate 
term lipase. 

A preliminary account of this work has already appeared (Rossiter and 
Wong (9)). 





Methods 


| Obtaining Cells—Cells were obtained from the peritoneal cavity of the 

rabbit by the method of de Haan (10), the details of which have already 
been described (1). The preparations, which contained approximately 95 
per cent polymorphonuclear cells, retained their activity for at least a week 
when stored in the refrigerator. 

A measured volume of the peritoneal exudate was centrifuged for 5 
minutes at 2000 r.p.m. and the cells washed three times with isotonic 
saline. They were then suspended in sufficient of the isotonic saline to 


* Supported by grants from the National Research Council and National Cancer 
Institute of Canada. 
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make the final count 30,000 cells per c.mm. when the substrate was ty. 
butyrin and 60,000 cells per c.mm. when it was methyl butyrate. (gj. 
free preparations, suitable for studying enzyme kinetics, were prepared by 
suspending the cells in 0.01 per cent alkyl sulfate! or 1.0 per cent saponin 
in isotonic saline. Rossiter (11) has shown that such surface-active gyb. 
stances liberate the enzyme from the cells into the surrounding fluid, If 
the cell débris is then removed by centrifuging, a clear enzyme solution 
can be obtained. For the determination of the enzyme in suspensions from 
different rabbits there was no obvious advantage in using cell-free prepara, 
tions because the esterase activity, unlike phosphomonoesterase activity 
(Cram and Rossiter (1)), was no greater when surface-active substances 
were added to the cell suspensions. 

Determination of Esterase Activity—The activity of the enzyme was de. 
termined by the method of Rona and Lasnitzki (12) in which the carbon 
dioxide, displaced from a bicarbonate buffer by the hydrogen ion liberated 
during the hydrolysis of the substrate, is measured in a standard Warburg 
manometer. To the main chamber of the manometer vessel were added 
3.8 ml. of 0.025 m sodium bicarbonate and 1 ml. of enzyme preparation. 
To the side arm was added 0.2 ml. of either 0.25 m tributyrin or 10 x 
methyl butyrate emulsified in 5 per cent gum acacia in the bicarbonate 
buffer. The vessels were gassed with a mixture of 5 per cent carbon dioxide 
in nitrogen and placed in a water bath at 38°. After an equilibration 
period of 10 minutes the experiment was started by tipping the substrate 
from the side arm into the main chamber. 

Recording of Results—Usually the enzyme activity was recorded as the 
quantity of carbon dioxide (in microliters) liberated by 1 ml. of enzyme 
solution in1 hour. In the section on the quantitative determination of the 
enzyme in the leucocytes, the results are given as microliters of carbon 
dioxide per microgram of acid-insoluble phosphorus per hour. In order to 
bring these results into line with other estimates of the concentration of 
enzymes in white blood cells, they were also converted into microliters of 
carbon dioxide per 10° cells per hour, by the principle that 107 cells con- 
tain 6.8 y of acid-insoluble phosphorus, previously established for the 
rabbit polymorphonuclear leucocyte (1). 


Results 


Quantitative Determination of Esterase in Rabbit Polymorpho- 
nuclear Leucocytes 


Table I shows the esterase activity of suspensions of rabbit polymorpho- 


nuclear leucocytes when 0.01 m tributyrin was the substrate. Some idea 


' “Purified alky! sulfate’? provided by The Procter and Gamble Company, Cin- 
cinnati, Ohio 
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s tri of the concentration of the enzyme in the cells can be obtained by. com- 
Cell paring the activity of the esterase with that of the more familiar respira- 
ad be tory and glycolytic enzymes. The figure of 12.35 + 1.50 ul. of carbon 
ponin dioxide per microgram of acid-insoluble phosphorus per hour can be com- 
pa TaBLe | 
uti Esterase Activity of Washed Rabbit Polymorphonuclear Leucocytes 
pes ‘Substrate, tributyrin 0.01 M; incubation time, 1 hour; temperature, 38°. 
} from Bee ns RONDO eons CA Hae —csannnerorea 
»para- Per microgram acid-insoluble P Per 10® cells 
tivity Ong ir. ul. COs per ker. a 
Lances 12.5 8.5 
11.0 7.4 
as de. 10.9 7.3 
15.4 10.3 
ar 
a 14.0 9.5 
wy 13.3 9.1 
rburg 11.9 8.1 
added 12.8 8.8 
10 x 10.3 ee 
ponate Mean 12.35 8.39 
lioxide $.D.. +1.50 +0.99 
ration - - —- 
eee TABLE II 
owt Esterase Activity of Washed Rabbit Polymorphonuclear Leucocytes 
perfor Substrate, methyl butyrate 0.04 M; incubation time, 1 hour; temperature, 38°. 
. of the Per microgram acid-insoluble P Per 10° cells 
carbon pl. CO» pyr pl. CO: per hr. 
rder to 5.6 3.8 
tion of 6.6 4.6 
iters of 3.9 2.7 
lls con- “7 ae 
‘or the eu ; 
Mean... 5.74 3.94 
S.D.. +1.86 +1.27 
pared with an oxygen uptake of 0.47 ul. of oxygen per microgram of acid- 
insoluble phosphorus per hour and an anaerobic glycolysis of 2.23 yl. of 
norpho- carbon dioxide per microgram of acid-insoluble phosphorus per hour for a 
ne idea similar suspension. 
nue fee Table II, giving similar figures when 0.04 m methyl butyrate was the 
Bit, 























936 ESTERASE OF LEUCOCYTES 


substrate, shows that the activity with methy] butyrate was less than with 
tributyrin. Both substrates were present in optimal concentrations, 

Concentration of Enzyme—Fig. 1 shows that, under the conditions of 
study, the rate of carbon dioxide liberation was proportional to the eon. 
centration of the enzyme. 

Time Course of Reaction—With tributyrin as substrate the course of the 
reaction was linear with time, provided the substrate concentration was 
greater than 0.005 m (Fig. 2). For lower concentrations of tributyrin the 
activity fell off after the first 20 minutes, reaching zero when 60 to 80 per 
cent of the substrate had been hydrolyzed. Other workers have reported 
that the hydrolysis of tributyrin by either liver esterase (12-14) or pan- 
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Fic. 1. The relation between enzyme activity and concentration of rabbit poly- 
morphonuclear leucocyte esterase. Substrate, 0.01 m tributyrin; temperature, 38°. 


creatic lipase (13-15) was linear with time. For pancreatic lipase the 
velocity of the reaction fell off when only a small percentage of the sub- 
strate had been hydrolyzed, but this was not so for liver esterase (13, 15). 
In this respect the enzyme of the rabbit polymorphonuclear leucocyte 
resembles liver esterase rather than pancreatic lipase. 

When the substrate was methyl butyrate, however, the course of the 
reaction with time was different (Fig. 3). For methyl butyrate concen- 
trations of 0.04 um or higher the reaction was linear with time for periods 
up toan hour. When the substrate concentration was lower than 0.04 M, 
the activity fell off rapidly and usually became zero when only 4 to 8 per 
cent of the substrate had been hydrolyzed. Experiments with 0.005 ™ 
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Fig. 2. Time course of reaction for rabbit polymorphonuclear leucocyte esterase. 
Substrate, tributyrin; temperature, 38°. 
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8 per cess of those formed during the reaction, showed that the products of the 


105 M reaction could not be the cause of this inhibition. It was possible that 
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either the enzyme or the substrate was inactivated during the course of the 
reaction. In the experiment reported in Fig. 4 either fresh substrate or 
fresh enzyme was added to the reaction mixture at the time when the 
activity had fallen almost to zero. The addition of fresh substrate restored 
the activity to normal (Curve I), whereas the addition of fresh enzyme 
had no such effect (Curve II). Neither the enzyme nor the substrate was 
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Fic. 4. Effect of adding fresh substrate or enzyme to rabbit polymorphonuclear 
leucocyte esterase. Substrate, methyl butyrate 0.005 m; temperature, 38°. Curve 
I, fresh substrate tipped into reaction mixture at 100 minutes; Curve IT, fresh enzyme 
tipped into reaction mixture at 100 minutes; Curve III, substrate tipped into re- 
action mixture to which no substrate had previously been added; Curve IV, enzyme 
tipped into reaction mixture to which no enzyme had previously been added. 


inactivated when incubated alone, for when substrate was added to en- 
zyme that had been incubated with no substrate (Curve III), or when en- 
zyme was added to substrate that had been incubated with no enzyme 
(Curve IV), normal activity resulted. This would indicate, as has been 


postulated by Sobotka and Glick (13) for pancreatic lipase, that the sub- 


strate combined with inert material in the enzyme preparation, or perhaps 
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with inactive groups on the enzyme itself. When more substrate was 
added, the reaction was able to proceed normally. 

Substrate Concentration—Fig. 5 shows the effect of substrate concentra- 
tion on the enzyme when either methyl butyrate or tributyrin was the 
substrate. Excess methyl butyrate inhibited the enzyme, but excess tri- 
butyrin did not. From data such as are presented in Fig. 5 the Michaelis 
constants, K., for each of the two substrates can be calculated by the 
method of Lineweaver and Burk (16). Fig. 6 shows that the plot of 1/V 
against 1/S was a straight line. 

Although other workers have calculated K, values for enzymes hydro- 
lyzing esters of butyric acid (13, 17, 18), the results have to be interpreted 
with caution because of the insolubility of the substrates. Sobotka and 
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Fig. 5. The effect of substrate concentration on the activity of rabbit poly- 
morphonuclear leucocyte esterase. Substrate, methyl butyrate or tributyrin; tem- 
perature, 38°. 


Glick (13) have shown that, in the presence of the enzyme, the solubility 
of the substrate is greater, but during the course of the reaction it is im- 
possible to tell how much of the substrate is in true solution. Also tributyrin 
has three ester linkages, each of which can presumably form a Michaelis- 
Menten enzyme-substrate complex, and the same is true of the ester link- 
ages of the products of incomplete hydrolysis of tributyrin. We prefer, 
therefore, to speak of “apparent K.,” rather than K,. We believe our 
estimate of the apparent K, for tributyrin to be reasonably accurate. This 
is not so for methyl butyrate, for, with lower concentrations of the sub- 
strate, the observation period had to be extremely short if true initial 
velocities were to be measured and, for the higher substrate concentrations 
there was the complicating factor that excess of the substrate was in- 
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hibitory. With two different enzyme preparations the apparent K, for 
tributyrin was 0.00039 and 0.00037 and that for methyl butyrate was 
0.0072 and 0.0069. 

When the logarithm of the substrate concentration was plotted against 
the activity of the enzyme, with methyl butyrate as substrate, a bell-shaped 
curve resulted, which Haldane (19) considers typical of inhibition by ex. 
cess of the substrate (Fig. 7). He suggests that inhibition of an enzyme 
by excess substrate is due to | or more molecules of the substrate combining 
with the dissociable enzyme-substrate complex to form a further addition 
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Fig. 6. Plot of 1/V against 1/S for rabbit polymorphonuclear leucocyte esterase. 
V is the initial velocity in microliters of CO: per 10 minutes and S is the substrate 
concentration in gm. molecules per liter. Substrate, tributyrin; temperature, 38°. 

Fic. 7. Plot of activity against log S for rabbit polymorphonuclear leucocyte 
esterase. S is the substrate concentration in gm. molecules per liter. Substrate, 
methyl butyrate; temperature, 38°. 


compound, which does not break down to give the products of the reaction. 
Thus we have 


E+ S = ES (active) 
ES + S = ES; (inactive) 
where E'S dissociates into the products of the reaction and ES, is inactive 
and does not dissociate. The constant of the first reaction is K, and that 
for the second can be represented by Kz. A mathematical development of 
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the theory gives 


S K, 1 S 
ee eee = 
v a+ 7-( +z) 


where S is the concentration of the substrate, V y is the maximum velocity, 
and V the observed initial velocity of hydrolysis (Lineweaver and Burk 
(16), Case III). In one experiment, in which higher substrate concentra- 
tions than those of the experiment reported in Fig. 5 were used, the appar- 
ent K, for the rabbit polymorphonuclear leucocyte enzyme was evaluated. 
The mean value was 0.68, but the inaccuracies in the determination of the 
apparent K, and those inherent in the method of evaluating the apparent 
K, were such that, in this instance, it was impossible to test the validity 
of the Haldane theory. Other workers have also reported that an excess 
of the esters of the low molecular weight fatty acids inhibited liver esterase 
(18, 20). 

Mixed Substrates—The enzyme is able to hydrolyze either tributyrin or 
methyl butyrate. Table III shows that, when these two substrates were 
added to the reaction mixture together, the activity was that of the highest, 
tributyrin. There was no indication of an additive effect. This would 
suggest that, despite many differences, such as the percentage of substrate 
hydrolyzed, the affinity of the substrate for the enzyme, and inhibition by 
excess substrate, each of the two substrates is hydrolyzed by the same 
enzyme. 

Other Substrates—Table IV shows the esterase activity towards the 
methyl esters of a homologous series of fatty acids. With methyl formate 
there was considerable spontaneous hydrolysis, allowance for which ren- 
dered the figures for this ester less accurate. Generally the activity was 
greater as the length of the carbon chain increased up to methyl caprylate, 
the ester of the Cs acid, which was the highest tested. Tween 20,? an ester 
of the Cy lauric acid used by Archibald (21) as a water-soluble substrate 
for lipase determinations, was only slightly hydrolyzed, while triolein was 
not hydrolyzed at all. 

Choline Esters—Table V shows that suspensions of rabbit polymorpho- 
nuclear leucocytes, even when concentrated to 150,000 cells per c.mm., 
did not hydrolyze 0.003 m acetylcholine, but that a suspension of mouse 
brain under the same conditions was highly active. Since it was possible 
that the cells might not be freely permeable to acetylcholine, the experiment 
was repeated with a cell-free preparation of the enzyme (Table VI). 
Methyl butyrate and tributyrin were hydrolyzed readily; yet neither 


* Obtained from the Atlas Powder Company, Wilmington, Delaware; described 
as “‘a mixture of polyoxyalkylene derivatives of an ester of 1 mole of fatty acid per 
mole of sorbitan.” 
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Tas_e III 
Effect of Mixed Substrates on Esterase Activity of Cell-Free Enzym 


Pre paration 
(0.01 Per Cent Alkyl Sulfatey from Rabbit Polymorphonuclear Leucocytes 


Ineubs ation time, I hour, temper ature, 38°. 


— 


Substrate ; | Preparation A Preparation B 
pl. COs per ml pl COs oor sit 
per hr per hr. 
Tributyrin, 0.01 m. 105 202 
Methyl butyrate. 0.04 m. 36 85 
Tributyrin, 0.01 m + methyl butyrate, 0. 04 Masi. 9] 206 
TABLE IV 


Esterase Activity of Cell-Free Enzyme Preparation (0.01 Per Cent Alkyl Sulfate) from 
Rabbit Polymorphonuclear Leucocytes 


_ Substrate concentration 0. 04 M; incubation time, 1 hour; temperature, 38°. 


Substrate Preparation. A Preparation B 
pl. CO: per ml. per hr. ul. COs per oul. pet ri 
Methyl formate. . 17 18 
ss acetate...... wt 12 8 
‘* propionate. . a 54 62 
‘« butyrate. . “al 120 161 
‘*  eaprylate 153 177 
«¢ malonate... yi i 288 396 
TABLE V 


Cholinesterase Activity of Suspensions of Washed Rabbit Polymorphonuclear Leucocytes 


Substrate, acetylcholine 0.003 mM; incubation time, 1 hour; temperature, 38°. 


ee a . : aa = Cholinesterase 
Preparation | Concentration of enzyme preparation activity 
a 
al COs frm. 
per hr 
Rabbit polymorphonuclear leucocytes.| 50,000 cells per c.mm. 0 
“cc ‘<c 6c | 150 ,000 “c “cc 2 
Mouse brain suspension........ Hoe Diluted 1:25 357 
TaBLeE VI 


Esterase Activity of Cell-Free Enzyme Preparation (1 Per Cent Saponin) from Rabbit 
Polymorphonuclear Leucocytes 


Incubation time, 1 hour; temperature, 38°. 


Substrate Substrate concentration Esterase activity 
; M pl. CO> per al per hr. 
Acetylcholine... 0.003 0 
Acetyl-8-methylcholine . 0.03 0 
Benzoylcholine 0.006 0 
Methy! butyrate. 0.04 540 


BeGAGTID....5.25...5.. = il 0.01 | 798 
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acetylcholine, acetyl-8-methylcholine, nor benzoylcholine® was hydrolyzed 
at all. It is possible that the saponin used to make the cell-free enzyme 
preparation might have inhibited a cholinesterase that was present, but 
since 1 per cent saponin had only a negligible inhibitor, effect on the 
cholinesterases of human serum or red blood cells, this would appear. to 
be unlikely. ‘Thus the rabbit polymorphonuclear leucocytes are devoid of 
true cholinesterase, pseudocholinesterase (22, 23), or specific benzoylcho- 
linesterase (24, 25). The cells also contain no atropine esterase, for other 
experiments showed that cell suspensions, even from rabbits whose sera 
were active (26, 27), were unable to hydrolyze atropine sulfate. 


DISCUSSION 


As early as 1906 Loevenhart (28) distinguished between pancreatic lipase 
and liver esterase, but, despite this, the terms lipase and esterase have since 
been used interchangeably by a great many workers. Although it is real- 
ized that an enzyme cannot be characterized for certain until it has been 
isolated in a pure state, a difficult procedure for leucocyte enzymes when 
so little material is available, we feel that present evidence is sufficient to 
justify calling the enzyme of rabbit polymorphonuclear leucocyte an es- 
terase rather than a lipase. 

Both the time course of the reaction with tributyrin and the effect of 
substrate concentration are typical of an esterase and not of a lipase. The 
apparent K, of 0.00039 and 0.00037 for tributyrin agrees with the finding of 
Sobotka and Glick (13) that the K, of pig liver esterase was 0.00035 for 
tributyrin. The apparent K, of 0.0072 and 0.0069 for methyl butyrate is 
in keeping with the findings of Bamann and Schmeller (17) who reported 
values ranging from 0.001 to 0.03 for the K, for methyl butyrate of the 
liver esterases from a number of different species. For pancreatic lipase, 
on the other hand, the values of K, were higher (13), 0.0006 for tributyrin 
and >0.09 for methyl butyrate. Thus the pattern of apparent K, of the 
enzyme of rabbit polymorphonuclear leucocyte resembles that of an ester- 
ase rather than that of a lipase. The inhibition of the enzyme by excess 
substrate is also a typical esterase phenomenon (18, 20). 

The figures for substrate specificity are a little more equivocal. Most 
workers agree that liver esterase hydrolyzes the simple esters and tri- 
glycerides of the low molecular weight fatty acids and is inactive towards 
the higher triglycerides, while pancreatic lipase, as well as hydrolyzing the 
esters and triglycerides of the low molecular weight fatty acids, also hydro- 
lyzes the higher triglycerides (13, 28-30). Whether the hydrolysis of the 
simple esters is brought about by the lipase itself or by an esterase con- 
taminating most lipase preparations is unknown. That the polymorpho- 


* Kindly provided by Hoffmann-La Roche, Inc. 
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nuclear leucocyte enzyme hydrolyzed simple esters and not the higher 
triglycerides, such as triolein, is in favor of its being an esterase, but the 
pattern of activity for the lower esters resembled that reported for the 
pancreas enzyme (31-33). 

The effect of inhibitors on the enzyme of rabbit polymorphonuclear 
leucocyte, which will form the subject of a further report, is characteristic 
of an esterase rather than a lipase. 

Gomori (34, 35) described a histochemical test for lipase, in which he 
used as substrate either one of the Tweens or Product 81, stated to be a 
“stearic ester of comparatively short chained polyglycols.” Although a 
number of tissues gave a positive reaction, white blood cells were uniformly 
negative. This is in keeping with our finding that the rabbit polymorpho- 
nuclear leucocyte did not hydrolyze the higher triglycerides and was only 
slightly active toward Tween 20. 

Our inability to demonstrate an enzyme in the rabbit polymorphonuclear 
leucocyte that could hydrolyze choline esters is surprising, for most tissues 
possess some type of cholinesterase (36). However, the observation agrees 
with the finding of Ginsberg, Kohn, and Necheles (37) that there was no 
cholinesterase in the polymorphonuclear leucocytes of pus from an empy- 
ema. Also Colling and Rossiter‘ found no significant correlation between 
the total, true, or pseudocholinesterase activity of pathological cerebro- 
spinal fluids and the concentration of white blood cells, while Brauer and 
Hardenbergh (38) found little cholinesterase activity in dog lymphocytes, 
and Youngstrom (39) found no cholinesterase in a mass of macrophages 
from a brain tumor. 

Esterases occur in a variety of tissues (33, 40, 41), including plasma, in 
which they have been studied in great detail (42-47). Besides small quan- 
tities of lipase (30, 46), there are at least two enzymes in the plasma capable 
of hydrolyzing tributyrin and the esters of the low molecular weight fatty 
acids: pseudocholinesterase, which can also hydrolyze either acetylcholine 
or benzoylcholine, and ali-esterase or common esterase, which is inactive 
toward the choline esters (22, 23, 45). The enzyme of the polymorpho- 
nuclear leucocytes can be considered to be an ali-esterase or common 
esterase. 


SUMMARY 


1. Rabbit polymorphonuclear leucocytes contain an enzyme that is ¢a- 
pable of hydrolyzing tributyrin or methyl] butyrate. 

2. The rate of hydrolysis of tributyrin was more than twice that of 
methyl] butyrate. 

3. Under the conditions of study the rate of hydrolysis was proportional 
to the concentration of the enzyme. 


* Colling, K. G . and Rossiter, R. J., to be published. 
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4. Provided the substrate concentration was great enough, the rate of 
hydrolysis was linear with time for periods up to 1 hour. With methyl 
butyrate the activity of the enzyme fell off when only 4 to 8 per cent of the 
substrate had been hydrolyzed. 

5. The Michaelis constant, K,, for both tributyrin and methyl butyrate 
was evaluated. Excess of methyl butyrate, but not of tributyrin, in- 
hibited the enzyme. 

6. The enzyme hydrolyzed the triglycerides and simple esters of the low 
molecular weight fatty acids but not the higher triglycerides, such as tri- 
olein. It was also unable to hydrolyze acetylcholine, acetyl-8-methylcho- 
line, benzoylcholine, or atropine sulfate. 

7. The time course of the reaction, the Michaelis constant, and the sub- 
strate specificity are all consistent with the enzyme being an esterase rather 
than a lipase. It can be considered as an ali-esterase or common esterase. 
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